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Abstract 
 
 Due to the size scale of the molecules they work with, chemists are normally limited to indirect 
means of inducing and controlling chemical reactions.  Sometimes, the inherent reactivity and structure of 
the reactants and the properties of the products such as thermodynamic stability can be relied upon to give 
the desired product.  In other cases, high activation barriers can slow or even completely prevent reactions 
from occurring.  These barriers are commonly overcome by changing the reaction conditions through the 
use of heat or light.  Alternatively, the barriers can be artificially lowered through the use of catalysts.  
Catalysts can also be used to select a single reaction pathway out of many possible pathways, and this 
method is commonly employed to modify product ratios and in the synthesis of chiral molecules.  More 
direct methods of molecular level manipulation such as scanning tunneling microscopes or single 
molecule force experiments using atomic force microscopy or optical tweezers are recent developments.  
However, these methods are limited in their usefulness by the small number of molecules that can be 
affected at any one time.  Combining these two concepts to allow for the direct mechanical manipulation 
of large numbers of molecules has the potential to produce unique reaction products and smart materials 
such as polymers that response to mechanical stimuli. 
 Mechanically responsive polymers are already known, but they generally rely on the disruption or 
formation of non-covalent bonds.  Expanding their scope to include covalent bond changes in force-
sensitive molecules called mechanophores potentially allows a much wider range of polymer responses to 
be accessed.  In an effort to show the feasibility of this concept, a series of spiropyran-based 
mechanophores were designed which were expected to undergo a 6-π electrocyclic ring-opening reaction 
when covalently linked into a polymer and subjected to mechanical force.  This ring-opening yields a 
colored merocyanine which would allow the location and progress of the mechanically-induced reactions 
to be followed. 
 A modular synthesis was developed which allowed for easy access to a wide variety of 
mechanophore and control spiropyrans.  Since demonstration of mechanical activity in bulk samples was 
desired, a high priority was placed on optimizing the length, yields, and cost of the synthetic routes.  The 
resulting spiropyrans were then incorporated into a variety of polymers such as methyl acrylate, methyl 
methacrylate, and polyurethane. 
 Testing of these putative mechanophores in solution and the solid-state confirmed their 
mechanical activity.  Potential alternative pathways such as thermal activation were excluded using 
multiple control spiropyrans.  These control molecules were also covalently linked to the polymer but in 
ways not expected to allow for the efficient transfer of mechanical force from the bulk to the cleavable 
bond.  In addition to validating the mechanophore concept, these results also demonstrated the usefulness 
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of spiropyrans as polymer force sensors, as color change was found to be correlated with areas of high 
stress or strain.  
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Chapter 1 – Introduction 
 
1.1  Introduction 
 While humanity has utilized organic chemistry since it first discovered fire, the ability to 
individually manipulate atoms was not achieved until relatively recently when a scanning tunneling 
microscope was used to manipulate individual xenon atoms.
1
  Since then, a variety of techniques have 
been developed to manipulate individual or small groups of polymer chains, proteins, or small molecules 
using atomic force microscopy,
2,3
 optical tweezers,
4,5
 or even other small molecules.
6
  This has allowed 
the effect of mechanical force on bond cleavage,
7
 protein unfolding and small molecule binding,
8-10
 and 
enzyme activity
11
 to be studied.  However, these techniques are limited in that only small numbers of the 
investigated units can be affected at one time.   
In order to expand the scope of these mechanochemical reactions and utilize them on scales 
comparable to those achieved by conventional synthetic methods, techniques are needed for consistently 
applying force to large numbers of force sensitive small molecules called mechanophores.  Questions 
about what reactions can be mechanically activated, the mechanism of activation (stress or strain 
dependence), conditions under which it occurs (how much stress or strain is required to break a covalent 
bond and over what time period), and what materials are suitable (elastomeric or brittle polymers) will all 
need to be answered.  Reliable detection of when and where these reactions occur will be vital to mapping 
these activation parameters.  Just as important is to confirm that the observed reactions are induced 
directly by mechanical force, rather than by secondary effects such as deformation-induced heating. 
The ability to induce specific chemical reactions on the bulk scale could lead to unique 
chemistries not accessible by more common pathways, since well understood rules about thermally or 
photochemically driven reactions do not necessarily apply to mechanochemical reactions.  On a broader 
scale, these techniques could be utilized to make novel materials which respond chemically to their 
mechanical environment.  Damage detection, self-healing, and self-toughening are all potential properties 
which the development of robust mechanophore systems would allow. 
 
1.2  Mechanochemistry 
1.2.1  Overview 
 Mechanical manipulation (grinding, milling, mastication, stretching, etc.) of polymers at the 
macroscale has previously been shown to cause bond cleavage at the molecular scale.
2,12-16
  Examples of 
these techniques inducing reactions of small molecules, such as metal complexes,
17,18
 are also known.  For 
the polymer chains, the bond cleavage is essentially random and results in a reduction in molecular 
weight.  Less random cleavage has been seen in dissolved polymer solutions where mechanical force is 
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applied through turbulent
19
 or elongational flow
20
 or sonication.
21
  In these cases, the cleavage occurs in a 
Gaussian distribution centered on the middle of the polymer chains.  For the small molecules, the process 
is decidedly non-random, and the products resemble those obtained in solution by more typical 
techniques.  
 Combining these two concepts to produce specific chemical reactions of small molecules in bulk 
polymers has been the interest of the Moore group as well as other groups.  In order to accomplish this, 
force must be transferred from the bulk material to the mechanophore.  Examples in which the 
mechanophores are merely dispersed throughout the matrix are known.
22-30
  However, a potentially more 
reliable method is to covalently link the polymer and mechanophore together.  The long polymer chains 
serve as macroscale “handles” which transmit the force of bulk deformations along their length to the 
attached mechanophores.  In this way, polymers which change fluorescence,
31
 FRET characteristics,
32,33
 
or color,
34-36
 self-heal,
37
 or have unique responses such as reversible cross-links
38,39
 or shape memory
40
 in 
response to mechanical force have been made.  However, none of these examples involve directed 
covalent bond cleavage, and our group was interested in expanding the scope of mechanochemical 
reactions into this realm. 
 
1.2.2  Mechanochemistry within the Moore Group 
 Initial investigations of polymer-linked, covalent mechanophores were done in solution, since this 
allowed for characterization by NMR, the use of molecular traps, and required only small amounts of 
polymer.  The 4,4ʹ-azobis(cyanovaleric acid) mechanophore (Figure 1.1) was targeted because the central 
azo bond was known to have a much lower activation energy for bond cleavage as compared to the 
carbon-carbon bonds of the poly(ethylene glycol) (PEG) to which it was attached.
41
  When subjected to 
solvodynamic shear by sonication (see Section 3.1), the chain-centered mechanophore polymer showed 
site-specific cleavage whereas a control polymer with the azo functionality replaced by a straight alkyl 
chain showed a Gaussian, non-specific cleavage.  Off-center incorporation of the mechanophore resulted 
in cleavage of the polymer into unequal lengths rather than cleavage near the center.   
Isotopic 
13
C labeling experiments confirmed site-specific cleavage as well as revealing different 
products from sonication vs. thermolysis.  During thermolysis, the carbon radicals that were generated 
could recombine, and this was the major product detected.  However, no evidence of radical 
recombination was seen in sonicated samples, and this was attributed to the high shear rates pulling the 
newly generated radicals away from each other.  Finally, a dependence on molecular weight was found 
for the cleavage rate with polymers ≤ 20 kDa undergoing no cleavage.  This limiting molecular weight 
can be used as a simple measure of the bond strengths of various mechanophores when parameters such 
as polymer type, molecular weight, and sonication conditions are kept constant.   
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 The second mechanophore, benzocyclobutene (Figure 1.2), was an attempt to make a reactive 
species by mechanochemical means.
42,43
  Upon butene ring-opening, a reactive diene was formed which 
could then be reacted with a pyrene labeled dienophile trap.  Sonication experiments showed a molecular 
weight dependence for incorporation of the fluorescently-tagged trap in the mechanophore functionalized 
polymer.  PEG homopolymers were used as controls and remained non-fluorescent after sonication.   
Benzocyclobutene possesses cis and trans forms, and this stereochemistry normally results in 
distinct products for each form.  According to the Woodward-Hoffman rules,
44
 the two forms should open 
under thermal conditions to different diene configurations, and their subsequent reactions with a 
dienophile would lead to different products.  Thermolysis of the two benzocyclobutene mechanophores 
gave the expected unique products. 
However, sonication of the cis and trans forms led to same product, although the rates of trap 
incorporation were different.  Computer simulations suggested that the cis and trans forms opened via 
different pathways under mechanical deformation, disrotatory and conrotatory, respectively, in contrast to 
the conrotatory pathway that both would follow if heated.  This highlighted the unique products that are 
accessible by mechanochemical reactions.  Later tests showed that an α-bromo ester functionalized 
mechanophore could be used as an initiator for single electron transfer living radical polymerization 
(SET-LRP)
45
 of methyl acrylate which allowed for higher molecular weights and larger volumes of 
polymer to be synthesized.
43
 
 These experiments showed that directed covalent bond cleavage was possible, but the current 
mechanophores were impractical for use in bulk polymer experiments due to difficulties in detecting 
when and where mechanochemical reactions had occurred.  Isotopic labeling would be cost prohibitive 
for bulk polymers, and the use of trapping molecules would be limited by their mobility in a solid 
polymers.  In addition, if mechanophores were incorporated as cross-linkers instead of being used as 
initiators, the polymers could not be dissolved for examination by NMR, GPC, or other common 
analytical techniques.   
As a first step toward developing solid-state mechanophores, a simple method for in-situ 
detection of mechanochemical reaction was needed, and the idea of a color-changing mechanophore 
presented itself.  This would give immediate confirmation of mechanically-induced reaction without 
requiring any post-treatment with trapping reagents or dissolution of the polymer for further 
characterization.  In-situ detection also has the added benefit that the location of the mechanically-
induced reactions can be easily determined and correlated with models of stress and strain for various 
sample geometries. 
 
 4 
 
1.3  Mechanochromism 
1.3.1  Overview 
 Within mechanochemistry, a subset of molecules and polymers can be found that are 
mechanochromic, i.e. they change color with the application of mechanical force.  Changes in color or 
fluorescence can be due to formation
31,32,46,47
 or breakup
22-28,30,31,33
 of excimers, changes in conjugation,
34-
36,48-55
 or changes in charge state.
56
  For our system, a mechanophore was needed which gave a visible 
color change upon covalent bond cleavage and had a high molar absorptivity. Fluorescence as a primary 
mode of signaling was initially not considered, since issues like fluorescence quenching could complicate 
detection.  Fluorescence potentially offered lower detection limits, so to offset this, high molar 
absorptivity was needed to allow for reaction detection at low levels of mechanophore incorporation.  
Spiropyrans represented a promising class of potential mechanophores, since they were known to 
undergo a photo or thermally induced 6-π electrocyclic ring opening reaction to give a highly colored 
product.  Reports of small molecule mechanochromism in spiropyrans were known,
57
 and they generally 
possess high molar absorptivities.  Other potential color-changing molecules such as azobenzenes or 
fulgides were initially considered, but spiropyrans were selected for their ease of synthesis. 
 
1.3.2  Spiropyrans 
 Spiropyrans have been extensively studied for their photo
58,59
 and thermochromic
60
 properties in 
solution and in polymers.  They possess distinctly colored, closed and open forms which allows for 
simple detection of chemical reactivity.  In the closed spiropyran (SP, Figure 1.3), the two perpendicular 
halves on either side of the spiro C-O bond are not in conjugation, and thus the SP absorbs mainly in the 
UV region.  However, upon UV irradiation or heating, the spiro C-O bond cleaves to give the 
merocyanine (MC) with either a zwitterionic or quinodal form which absorbs heavily in the visible 
region.  The open form is planar, and the increased conjugation that results is responsible for this shift in 
absorption.  There are many potential configurations of the open form, but the most stable form for 
6-nitro spiropyrans which minimizes steric interactions is shown.  Reversion back to the closed form can 
be driven thermally or with visible light of the appropriate wavelengths.  The opening and closing process 
can be repeated many times, although fatigue can occur over time due to spiropyran breakdown via 
various pathways such as oxidation or radical attack .
61
 
 In addition to the changes in their UV-Vis spectra, significant differences between the SP and MC 
forms can be seen in the chemical shifts of certain protons.
62
  For the closed SP form, the gem-dimethyl 
peaks are non-equivalent with one peak at ~1.25 ppm and the second one further upfield at ~1.15 ppm.  
The protons adjacent to the indole nitrogen have a chemical shift of ~2.75 ppm.  Finally, the protons of 
the central alkene bond have a coupling constant of ~10 Hz indicating a cis arrangement.  The MC form 
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can have many conformations, but the preferred ones are planar with a trans arrangement of the central 
bond.  This planar arrangement causes the gem-dimethyl peaks to be equivalent, and they coalesce into a 
single peak at ~1.7 ppm.  Higher charge on the nitrogen causes a shift in the N-alkyl peaks to ~4 ppm.  
The alkene peaks shift downfield as well, and their coupling constants become ~16 Hz due to the trans 
relationship between the protons. 
 In the aforementioned example of spiropyran mechanochromism, crystals of the spiropyran were 
ground at room temperature resulting in the initial yellow color changing to green.
57
  Monitoring of the 
temperature during grinding showed a rise of only 6 ºC which was well below the melting point of the SP 
(170 ºC).  This ruled out a thermally based transition, and this was bolstered by the fact that color change 
was evident even when grinding was done at liquid nitrogen temperatures.  Over a period of two months, 
the color slowly faded to its original yellow color showing the reversibility of the ring-opening reaction. 
  
1.4  Design Considerations for Spiropyran Mechanophores 
 For a spiropyran mechanophore, the central spiro carbon-oxygen bond will need to be broken or 
pulled apart.  At the most basic level, this carbon-oxygen bond can be treated as a Morse potential with 
the average bond length represented by the minimum of the well (Figure 1.4).  In the unstressed state, as 
the distance between the atoms is increased, the potential energy increases until it reaches a maximum.  
At this extreme, the bond can be considered broken, and the difference between the maximum and the 
bottom of the well represents the dissociation energy.  As far back as 1940, Kauzmann and Eyring looked 
at the effect of mechanical force on the Morse potential and showed that a constant pulling force would 
decrease the dissociation energy of the bond with higher forces resulting in lower dissociation/activation 
energies.
15
  Since there is a direct correlation between the applied force and bond cleavage rate, localizing 
the applied force to this bond is critical for efficient bond cleavage.  In addition to this rate effect, 
mechanical force can also affect the reaction equilibrium by modifying the relative potential energies of 
the reactants and products.  For spiropyrans, a decrease in the relative energy of the open, MC form under 
stress with respect to the closed, SP form is expected and would shift the equilibrium toward the open 
form.  Therefore, under similar conditions of temperature, ambient light, and environmental polarity, a 
larger proportion of the MC form should exist in mechanically stressed systems. 
 
1.4.1  Mode of Action for Bond Breakage 
 Previous work by our group utilized covalently attached polymer chains to transfer force to the 
mechanophores in solution (Section 1.2.2).  The same concept will be utilized here, but the larger size of 
the target mechanophore presents unique challenges.  In the previous mechanophores, the polymer chains 
could be located close to the bond being broken.  In spiropyrans, the attachment points must be located 
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further from the targeted spiro C-O bond.  As the distance increases, the potential for dissipation of the 
applied force through unwanted deformations also increases.  In addition, the larger number of possible 
attachment points means that some sort of rational design parameters must be developed to limit the 
number of potential mechanophores that must be synthesized and tested.  These parameters will also be 
useful in the design of future mechanophores.  While the use of computer modeling to screen potential 
mechanophores is a long-term goal, initial forays into spiropyran mechanophore design relied more on 
intuition and manipulation of physical models than extensive computer modeling. 
 
1.4.1.1  Bond Stretching 
When thought of as a macroscale, physical object, the most intuitive way to break a bond is to 
pull the joined atoms in opposite directions as was done with the previously reported mechanophores.  As 
the atoms are moved farther apart, their orbital overlap decreases until the bond breaks.  In a spiropyran, 
stretching the spiro C-O bond would involve a hinge-like movement of the two halves centered on the 
spiro carbon (Figure 1.5).  Since there are no attachment sites that allow the two atoms to be directly 
stretched in opposite directions, sites that mimic this stretching/hinge motion will be need to be found. 
 
1.4.1.2  Bond Torsion 
 After the initial cleavage of the spiro C-O bond, the series of bonds connecting the indole half to 
the benzopyran half undergo a series of rotations to achieve a planar, sterically unhindered structure. 
63
  
This suggests a second way to break the desired bond in which the two halves are twisted about the spiro 
carbon (Figure 1.6).  Again, indirect methods will be needed to induce this motion. 
 
1.4.2  Linking Geometry 
 One method to potentially control which mode of activation is most prevalent is to vary the 
linking geometry of the polymer chains.  The relative positions of the two linking points with respect to 
the spiro C-O bond will alter how force applied to the bulk polymer is transferred to the mechanophore.  
An advantage of spiropyrans is that the aromatic rings of both halves add rigidity to the molecule which 
greatly expands the number of possible attachment sites and helps in effectively transferring the force to 
the spiro bond. 
 
1.4.2.1  Selecting a Mode of Activation 
 In order to stretch the spiro C-O bond, the attachment sites should be in the plane of the C-O bond 
and the benzopyran ring.  On the indole side, no attachment point is completely in the plane, but positions 
5ʹ or 6ʹ are closest (Figure 1.5).  The benzopyran half has many more potential attachment sites at the 3, 4, 
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5, 6, 7 or 8 positions, since they are all in the desired plane.  Positions 3 and 4 can be immediately ruled 
out, as simple physical models show that force will be transferred to the spiro C-C bond rather than the 
spiro C-O bond.  As the attachment site is moved around the benzopyran ring from 5 to 8, physical 
models suggest that force transfer through the spiro C-O bond increases.  Due to efficient energy transfer 
and proximity to the cleavable bond, position 8 will be targeted initially. 
 Achieving a twisting motion requires treating the two halves as rigid planes which their aromatic 
nature allows.  Polymer chains attached along the edges of these planes perpendicular to the long axis of 
the spiropyran could be used to induce the desired torquing motion.  The indole side possesses many 
potential attachment points including the 3ʹ, 4ʹ, 7ʹ, and N positions (Figure 1.6).  The number of 
attachment sites can be reduced by selecting those closest to the spiro bond, 3ʹ and N, which will 
minimize unproductive deformations.  There are numerous potential benzopyran attachment sites at the 3, 
4, 5, 7, and 8 positions.  Position 6 can be excluded due to its position parallel to the long axis.  As with 
the stretching spiropyrans, the proximity of position 8 to the spiro bond makes it a likely target for initial 
synthetic efforts. 
 
1.4.2.2  Effect on the Rate of Activation 
 The linking geometry is expected to have an effect on the activation rates in several ways.  First, 
attachment points further from the spiro C-O bond are more likely to suffer from unwanted deformations 
due to the greater number of bonds through which the force is transferred.  These deformations will 
dissipate the energy before it reaches the spiro C-O bond thus potentially slowly activation.  This is 
partially mitigated by the aforementioned rigidity imparted by the aromatic rings.   
A related problem is the transfer of force from the benzopyran to indole side.  Two bonds on the 
benzopyran side can serve as conduits for force, the spiro C-O and C-C bonds.  Energy transferred 
through the C-C bond is essentially wasted, hence the exclusion of positions 3 and 4 when considering 
stretching of the C-O bond.  The remaining benzopyran positions are likely to transfer force through both 
bonds to varying degrees.  As force is more efficiently transferred through the C-O bond, the rate of 
cleavage for a given applied force is expected to increase. 
Finally, the motions that a spiropyran undergoes upon bond cleavage via photo or thermal means 
point to a third possible effect.  Upon bond cleavage, the spiropyran initially adopts a cisoid configuration 
via a torquing motion.  Since the mechanically induced twisting mimics this motion, it will potentially 
lower the activation barriers for all the twisting modes. 
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1.5  Conclusions 
 Spiropyrans possess unique characteristics which make them amenable to demonstrating 
mechanochemical activation of covalent bonds in the solid-state.  The vivid colors they produce upon 
ring-opening simplify detection of reaction, while their easily varied structure will allow different bond 
stretching modes to be examined.  If successful, they will allow unique properties to be imparted to 
polymeric materials such as damage detection, and information gained through testing could lead to new 
mechanophores with self-healing or self toughening properties. 
 
1.6  Figures 
 
Figure 1.1  PEG-functionalized 4,4ʹ-azobis(cyanovaleric acid) mechanophore which showed selective 
cleavage of the azo bonds under sonication.  The products produced from ultrasound different from those 
produced by thermolysis.  
 
 
Figure 1.2  PEG-functionalized trans and cis benzocyclobutenes undergo a ring-opening reaction under 
sonication to give the same E,E-diene.  Subsequent reaction with a large excess of a pyrene labeled 
maleimide trap yields polymer which incorporates the fluorescent pyrene moiety. 
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Figure 1.3  Representative structure of a 6-nitro spiropyran which undergoes a 6-π electrocyclic ring-
opening reaction to the merocyanine form upon exposure to UV light or heat.  Once open, the 
merocyanine can exist in either the zwitterionic or quinodal forms depending on electronic factors such as 
the location of electron donating or withdrawing groups or environmental factors like solvent polarity.  
 
 
Figure 1.4  Hypothetical Morse potentials of an unstressed bond (blue) or a bond (red) subjected to a 
constant external force (green).  The dissociation energy for the unstressed bond, D, is represented by the 
distance between the energy maximum at large internuclear separations and the energy minimum (dotted 
line) found at the equilibrium bond length.  The dissociation energy for the stressed bond, Dʹ, is lower due 
to the influence of the external force. 
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Figure 1.5  Three-dimensional structure of the closed spiropyran with the intended stretching motion 
indicated by black arrows.  Potential attachment sites for the polymer chains are numbered with those in 
red being most favorable. 
 
 
Figure 1.6  Three-dimensional structure of the closed spiropyran with the intended torquing motion 
indicated by black arrows.  Potential attachment sites for the polymer chains are numbered with those in 
red being most favorable. 
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Chapter 2 – Spiropyran Syntheses and Modeling† 
 
2.1  End-Group Functionalization and Accessible Polymers 
 Since the polymer properties which would be most conducive to mechanical activation were 
unknown, the ability to incorporate the putative mechanophores into a variety of polymers was crucial.  
Soft or rubbery polymers would allow for greater amounts of strain before failure, but the efficiency of 
force transfer from the bulk to the mechanophore might be compromised by relaxation processes such as 
unproductive bond deformation or conformation changes, chain slippage, or disruption of noncovalent, 
interstrand interactions.
1
  More rigid or brittle polymers are likely to be more efficient at force transfer, 
but failure before sufficient stress/strain has been imparted could prevent activation. Easy modification of 
the functional groups at the attachment sites would allow for a larger number of polymer types to be 
accessed. 
 Another consideration was the amount of polymer needed for mechanical rather than solution-
based testing.  The first mechanophores synthesized by the Moore group
2,3
 were coupled to well-defined, 
end-functionalized, mono amine poly(ethylene glycol) (PEG) chains which allowed bond cleavage to be 
easily tracked by gel permeation chromatograph (GPC).  However, the cost of these PEG chains as well 
as the tedious, low-yielding preparatory GPC purification needed after the coupling reaction made this 
technique unsuitable for further studies.  Polymerization methods that were suitable for multigram 
quantities without the need for significant purification were required. 
The maximum molecular weight was also practically limited to 60 kDa based on the availability 
of higher molecular weight PEG chains.  In solution, the force exerted on the mechanophore is chain 
length dependent,
2-6
 and the upper limits on molecular weight imposed by the PEG polymer potentially 
limited the types of bonds that could be broken, e.g. bonds stronger than the carbon-azo bond or strained 
carbon-carbon bond of the cyclobutene ring.  In solid samples, chain length affects mechanical properties 
such as Tg, modulus, and creep by way of chain entanglements.
7
  For these reasons, functional groups that 
allowed a large range of molecular weights to be synthesized were desirable. 
 
2.1.1  Alcohols 
 Alcohol or phenol groups were chosen as the base functionality of the attachment points, since 
they could be directly reacted with some monomers or easily functionalized with acid halides to give a 
                                                     
†
 Some of the material contained within this chapter has previously been published in the following references: 
Potisek, S. L.; Davis, D. A.; Sottos, N. R.; White, S. R.; Moore, J. S. J. Am. Chem. Soc. 2007, 129, 13808. 
Davis, D. A.; Hamilton, A.; Yang, J.; Cremar, L. D.; Van Gough, D.; Potisek, S. L.; Ong, M. T.; Braun, P. V.; 
Martinez, T. J.; White, S. R.; Moore, J. S.; Sottos, N. R. Nature 2009, 459, 68. 
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variety of functionalized esters.  Direct reaction with isocyanates allowed thermoplastic polyurethanes 
(TPU) to be synthesized.  Polyurethanes have unique properties that make them more useful for certain 
tests than poly(methyl acrylate (PMA) or poly(methyl methacrylate) (PMMA).  They are elastic like 
PMA with a Tg below room temperature, but recover more fully and faster after deformation.  PMMA can 
be too brittle and failure can occur before activation, although under certain conditions (higher 
temperature and shear deformation) linear and cross-linked PMMA can be made to undergo larger 
deformations. 
 
2.1.2  α-Bromo Esters 
 Reaction of the alcohol/phenol functionality with α-bromo acid bromides yields α-bromo esters 
which can serve as initiators for single electron living radical polymerization (SET-LRP)
8
 or atom transfer 
radical polymerizations (ATRP)
9
 of methyl acrylate, methyl methacrylate, and styrene.  These two 
techniques allow for polymers of low polydispersity (< 1.4) and selectable molecular weight, by 
controlling the ratio of initiator to monomer, to be synthesized.  In addition, SET-LRP can produce ultra-
high molecular weight (> 1,000 kDa) materials while still maintaining a low PDI.  The ability of SET-
LRP to make well defined polymers of poly(methyl acrylate) over a large molecular weight range had 
previously been utilized to study the ring-opening kinetics of benzocyclobutene as a function of molecular 
weight at higher molecular weights than possible with PEG chains.
6
  In addition, these methods were 
amenable to the synthesis of large volumes of polymer (>30 grams). 
Since the mechanophore serves as a bis-initiator, each linear polymer chain contains a single 
mechanophore near the center with an inverse relationship between molecular weight and mechanophore 
concentration.  Care must be taken to prevent chain-chain coupling, since this would result in polymers 
with multiple mechanophores per chain as well as locating the mechanophore off-center.  This technique 
also relies on simultaneous growth from both initiator sites to center the mechanophore, and Sections 3.2 
and 3.5.2.1 discuss tests which allow for confirmation of mechanophore location.  For mono-initiators, the 
molecule is located at one end of the chain. 
 
2.1.3  Methacryloyl Esters 
 Functionalization with methacryloyl esters allows the mechanophore to be used as a cross-linker 
for PMA and PMMA.  This gives polymers with spiropyran located randomly throughout.  Cross-link 
density and mechanophore concentration are directly related when the mechanophore is the sole cross-
linker.  However, total cross-link density and concentration can be decoupled through the use of 
secondary cross-linkers such as ethylene glycol dimethacrylate (EGDMA) or poly(ethylene glycol) 
dimethacrylate (PEGDMA).  This allows the mechanical properties of a polymer to be adjusted while 
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keeping the mechanophore concentration at a low level, unlike the SET-LRP/ATRP based polymers 
where more mechanophore is required at lower molecular weights.  The high molar absorptivity of the 
spiropyrans being investigated allows easy visual detection even at low mole percentage (0.018%) 
incorporation of mechanophore which allows large amounts of polymer to be synthesized without using 
large quantities of mechanophore. 
 
2.2  Mechanophores 
 To investigate the effects of linking geometry, a series of six potential mechanophores were 
planned in which the attachment points were systematically varied.  One class, dubbed Stretch Induced 
Mechanophores (SIMs) (Figure 2.1), was expected to undergo a stretching motion of the spiro C-O bond, 
while the second class, Twist Induced Mechanophores (TIMs), was expected to undergo torsion of the 
C-O bond when subjected to force.  In an effort to reduce the number of molecules that would need to be 
synthesized, the three benzopyran attachment points were kept the same in both the SIM and TIM targets.  
This was made possible by the modular way in which the spiropyrans were synthesized with the indole 
and benzopyran sections being made separately and only coupled late in the synthesis. 
 Two other secondary concerns were also factored into the synthetic scheme.  First, the use of bulk 
polymer samples requires larger amounts of material than are used in sonication experiments, so the 
ability to scale up the synthesis to multigram quantities is important.  Second, the materials costs must be 
kept low for the same reason and to provide the potential for commercialization.  
 
2.2.1  Stretch Induced Mechanophores (SIMs) 
 Based on the previously discussed design considerations (Section 1.4.2.1), all SIMs use the same 
5ʹ attachment point on the indole side of the spiropyran.  The use of the 6ʹ position was ruled out because 
the unsymmetrical nature of the starting 3-methoxyphenylhydrazine hydrochloride potentially results in 
two distinct products, 6ʹ-methoxy indole and 3ʹ-methoxy indole, which would lower the yields.  Starting 
from 4-methoxyphenylhydrazine hydrochloride (Scheme 2.1), reaction with methyl isopropyl ketone via 
the Fischer indole synthesis gave indole 1.  Methyl ether cleavage to give the hydroxy indole 2 was 
originally accomplished with expensive boron tribromide,
6
 but later optimization allowed for the use of 
hot hydrobromic acid which significantly reduced costs.
10
  Finally, treatment of 2 with a large excess of 
neat methyl iodide gave indole salt 3 in excellent yields after recrystallization on a multigram scale. 
 
2.2.1.1  SIM1 
 The skeleton for SIM1 based mechanophores was formed by reaction of indole salt 3 with 
nitrobenzaldehyde 7.  The 5-nitro group of the nitrobenzaldehyde appeared to be essential for 
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mechanophore activity.  Initially, a dihydroxy SIM1 was prepared without the nitro group using indole 
salt 3 and benzaldehyde 4, and no mechanochromism was observed in linear PMA samples incorporating 
this molecule.  It was unknown whether the nitro group’s effect was to weaken the spiro C-O bond 
making bond cleavage faster or to stabilize the open form allowing it to be observed, but the use of nitro 
spiropyrans to obtain intense coloration is well known.
11
 
The initial synthesis of 7 started with o-vanillin which was treated with boron tribromide to 
cleave the methyl ether yielding 2,3-dihydroxy benzaldehyde 4 (Scheme 2.2).
6
  Then, following a 
procedure from Kemp,
12
 the 3-hydroxy position was acetylated using a pyridine-acetyl chloride complex 
to give 5 in moderate yields.  Nitration of the 5-position (6) followed by hydrolysis of the acetate group 
gave nitrobenzaldehyde 7 in 25% overall yield.  The synthesis was refined by directly nitrating the 
o-vanillin to give methoxy nitrobenzaldehyde 8 (Scheme 2.3).
10
  Ether cleavage with hot hydrobromic 
acid gave the desired nitrobenzaldehyde 7 in 52% overall yield and significantly reduced costs. 
 Condensation with indole salt 3 in refluxing ethanol gave the dihydroxy SIM1 9 in almost 
quantitative yields (Scheme 2.4).  Further functionalization with 2-bromo-propionyl bromide or 
methacryloyl chloride gave the α-bromo SIM1 10 or methacryloyl SIM1 11, respectively.  Yields in these 
final steps were greatly affected by losses to the purification column and in recrystallization.  
Recrystallization was necessary to prevent breakdown of the α-bromo esters or autopolymerization of the 
acrylate groups.  A secondary problem for methacryloyl SIM1 11 synthesis was the formation of two 
unwanted byproducts 12 and 13.  Gal’bershtam et al. had reported a similar reaction involving acetic 
anhydride and a 6-nitro spiropyran, and this as well as NMR and mass spectrometry data were used as the 
basis for the structural assignments.
13
  These byproducts could be reduced but not eliminated by using 
only a minor excess of methacryloyl chloride. 
 
2.2.1.2  SIM2 
 Nitration of commercially available 2,4-dihydroxybenzaldehyde and reaction with indole salt 3 
gave the desired dihydroxy SIM2 skeleton (Figure 2.1).  However, attempts to functionalize the phenols 
with acid bromides or chlorides failed to give isolatable product.  It was theorized that this was due to 
either poor nucleophilicity of the o-nitro phenol or the labile nature of the resulting ester.  To alleviate this 
problem, the dihydroxy benzaldehyde was subjected to Williamson ether synthesis conditions in the 
presence of bromo ethanol to yield the hydroxyl ether benzaldehyde 14 (Scheme 2.5).  Confirmation of 
attachment at the 4 position was obtained by X-ray crystallography (Figure 2.2).  Nitration of 14 gave the 
desired 5-nitro compound but also resulted in the addition of acetate to the terminal hydroxyl group.  
Treatment with potassium carbonate in methanol removed the acetate group to yield the desired 
compound 16. 
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 Reaction with indole salt 3 gave the dihydroxy SIM2 17 in moderate yield (Scheme 2.6).  
Functionalization with the acid bromide gave α-bromo SIM2 18 in good yields.  Attempts to make the 
diacrylate functionalized spiropyran failed with the aforementioned side reactions and autopolymerization 
as contributing factors. 
  
2.2.1.3  SIM3 
 Due to the position of the nitro group ortho to the 5-hydroxy attachment point of the spiropyran 
as well as the need to ensure the nitro group was located in the 5-position and not the 8-position, a similar 
hydroxyl terminated, two carbon ether linkage was used.  2,6-Dihydroxybenzoic acid was partially 
protected with acetone to give benzodioxinone 19 (Scheme 2.7).
14
  Mitsunobu coupling of the remaining 
phenolic group with mono-TBDMS protected ethylene glycol 20
15
 followed by reduction with DIBAL 
gave TBDMS protected benzaldehyde 22 moderate yield.  Subjecting 22 to nitration conditions 
simultaneously replaced the TBDMS group with an acetate group and resulted in the undesired 
nitrobenzaldehyde 23 in 60% yield.  The relative relationship of the alkyl ether chain and the nitro group 
was confirmed by NOESY1D and X-ray crystallography (Figure 2.3).  Removal of the acetate group to 
give 24 was performed to aid in future structure determinations. 
 If the phenolic group of benzodioxinone 19 was instead protected as MOM ether 25 and reduced 
with DIBAL (26),
16
 then nitration yielded 2,6-dihydroxy-3-nitrobenzaldehyde 27 (Scheme 2.8) .  
Mitsunobu coupling conditions using DEAD and mono-TBDMS protected ethylene glycol 20 gave 
protected benzaldehyde 28 in poor yields.  The low yields were due to poor reactivity of the starting 
material and side reactions resulting in bis-functionalized benzaldehyde.  Support for the positioning of 
the alkyl chain relative to the nitro group was obtained by NOESY1D experiments.  After removal of the 
silyl protecting group with TBAF, the proton spectra of the final deprotected benzaldehyde 29 was 
compared to that of 24 (Figure 2.4).  Even though the overall splitting patterns of 24 and 29 are the same, 
slight differences in the shifts of the aromatic and aldehyde peaks support the tentative structure 
assignment.  Yields of dihydroxy SIM3 30 from the condensation of 29 and 3 were good.  However, 
attempts to functionalize 30 with α-bromo esters have thus far been unsuccessful due difficulties in 
purification and crystallization, although the product is seen in mass spectrometry of crude material. 
 
2.2.2  Twist Induced Mechanophores (TIMs) 
 The twist induced mechanophores utilized the previously synthesized nitrobenzaldehydes, but a 
new indole salt was needed.  As mentioned in Section 1.4.2.1, the 3ʹ, 4ʹ, 7ʹ, and N positions of the 
spiropyran were potential attachment points.  In addition to their increased distance from the spiro C-O 
bond, positions 4ʹ and 7ʹ were ruled out for the same synthetic reasons position 6ʹ was not used for SIM 
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synthesis, i.e. the unsymmetrical nature of the starting material leads to multiple products.  Position 3ʹ 
could have been functionalized with the use of methyl isopropyl ketone derivatives.  However, the 
nitrogen was chosen, since it required modification of only the final step of indole salt synthesis.  The 
length of the hydroxyl terminated alkyl chain was originally only 2 carbons as similar examples were 
found in literature,
17-19
 and the required iodoethanol was commercially available.  Due to problems 
encountered in the synthesis of the difunctional control (see Section 2.3.2) as well as with chains 3-5 
carbons in length, the length was ultimately extended to six carbons. 
 
 2.2.2.1  TIM1 
 If a hydroxyl terminated chain is attached to the indole nitrogen, ring formation with the adjacent 
carbon is possible when the salt is treated with a base.
17
  The two carbon chain forms a 5-membered ring 
involving the spiro carbon, and the three carbon chain was expected to undergo similar reactions.  When a 
four carbon chain was tried, the indole served as a base to generate THF from the starting 4-iodobutanol 
rather than being alkylated to form the indole salt.  Alyklation with 5-iodopentanol was not attempted, 
since the analogous reaction to form THP was expected to occur.  6-Iodohexanol was not commercially 
available, but was easily synthesized by the iodination of 1,6-hexanediol to give iodohexanol 31.
20
  
Subsequent reaction with methoxy indole 1 gave the indole salt 32 in moderate yield after 
recrystallization (Scheme 2.9). 
 When coupled to nitrobenzaldehyde 7, the dihydroxy spiropyran 33 crashed out.  Bromo ester 
functionalization to yield α-bromo TIM1 34 was successful, but the resulting compound was unstable and 
rapidly underwent the loss of an ester group over a few days.  Attempts to crystallize the product also 
resulted in the lost of one ester group, and these problems ultimately limited the molecular weights 
obtainable by SET-LRP.  Conversion to the diacrylate was attempted, but its instability prevented it from 
being used as a cross-linker. 
 
2.2.2.2  TIM2 
 Condensation of indole salt 32 and nitrobenzaldehyde 16 readily gave dihydroxy TIM2 35 
(Scheme 2.10), although it did not precipitate out of the ethanol solutions as previous spiropyrans did.  
This complicated purification, since the hydroxyl spiropyrans were not amenable to purification by 
column chromatography.  However, after extraction the compounds appeared pure by NMR with only 
traces of residual solvent.  Further functionalization was not attempted due to time constraints. 
 
2.2.2.3  TIM3 
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 Dihydroxy TIM3 36 was synthesized from indole salt 32 and nitrobenzaldehyde 29 (Scheme 
2.10).  Similar problems to TIM2 35 were encountered, but simple extraction gave pure material.  Further 
functionalization was not attempted.  The short synthetic route required to obtain the three new TIMs 
highlighted the advantages of the modular spiropyran synthesis. 
 
2.3  Controls 
 The interactions of the mechanophore with the polymer at the molecular level are hard to observe 
in a bulk sample.  In order to ensure that activation of the mechanophores was truly mechanical in nature, 
several control spiropyrans were synthesized to address potential confounders.  Potential alternative 
activation pathways included deformation induced heating, “grinding” of the polymer matrix against the 
spiropyran similar to the processes that break up dye aggregates,
21-28
 indirect activation of the spiropyran 
by raising its overall energy rather than directly pulling a bond apart, and activation from ambient UV 
radiation. 
 
2.3.1  Monofunctional 
 The monofunctional control consists of a spiropyran with only a single reactive group.  For the 
hydroxy or bromo ester variants, this results in the spiropyran being located at the end of the polymer 
chain.  In solution sonication studies, the highest forces are experienced at the center of the chain where 
cleavage occurs,
1
 and therefore the control spiropyran should experience none of the force exerted on the 
polymer chains.  In bulk polymers, the spiropyran is not expected to absorb any of the force exerted on 
the bulk sample for similar reasons.  However, in both cases it will be subjected to any localized heating 
caused by cavitation
1
 or deformation, so it also serves as a control for thermal activation.  When 
polymerized, the methacryloyl ester results in pendant spiropyrans located randomly along the polymer 
backbone.  Even if they are attached near the center of a polymer chain, the lack of a second polymer 
chain prevents effective force transfer through the spiro C-O bond. 
 Synthesis of the required methoxy indole salt 37 starts with the previously synthesized methoxy 
indole 1 (Scheme 2.11).   Heating in neat methyl iodide yields methoxy indole salt 37 in excellent yields 
and multigram quantities after crystallization.  Condensation with nitrobenzaldehyde 7 gave 
monohydroxy control 38 followed by reaction with the acid bromide or chloride to yield the desired 
monofunctional α-bromo 39 or methacryloyl 40 controls.  Synthesis of the acrylate functionalized control 
also suffered from similar side reactions to methacryloyl SIM1 11. 
 
2.3.2  Difunctional 
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 One concern raised with previous studies was that locating the control spiropyran at the end of the 
chain prevented it from experiencing the exact same conditions of applied force and temperature as the 
potential mechanophores.  In order to ensure that the control spiropyran encountered the same conditions, 
a spiropyran was needed which had two polymer chains attached but was mechanically inactive.  These 
chains could not span the spiro C-O bond, so they were located on one half (indole) of the spiropyran.  
This configuration also tested the idea that an increase in overall molecular energy could cause activation.  
If this were the case, then both the potential mechanophores and the difunctional control should activate.  
The difunctional control addresses both these concerns by linking two polymer chains to the spiropyran 
through the 5ʹ and N positions. 
 Hydroxy indole 2 was alkylated with iodoethanol to give dihydroxy indole salt 41 (Scheme 2.12).  
Reaction with commercially available 2-hydroxy-5-nitrobenzaldehyde gave dihydroxy control spiropyran 
42.  Reaction with the acid bromide gave α-bromo difunctional control 43.  Care must be taken with 2-
hydroxyethyl indole salts as treatment with base can lead to ring formation with the side chain to give 44 
(Figure 2.5).
17
  Reaction with a benzaldehyde has been reported to yield the desired spiropyran.  
However, after functionalization with α-bromo esters, compound 45 was found to be the major product.  
While the masses of compound 45 and desired difunctional control 43 were the same, their NMR spectra 
differed in the coupling constants obtained for the central alkene bond.  The E-configuration of the alkene 
bond of compound 45 resulted in a coupling constant of 16 Hz versus the 10 Hz of the Z-configuration of 
the desired control 43.  This change in coupling constant could not be attributed to 45 being the open form 
of 43 (see Section 1.3.2), since the gem-dimethyl peaks remained non-equivalent for both 43 and 45.  
Confirmation of the structural assignment of 43 was obtained by X-ray crystallography (Figure 2.6).  The 
synthetic scheme was modified to reduce the formation of compound 45 by using a single molar 
equivalent of piperidine rather than two equivalents.  This resulted in a marked increase in yield, although 
the side product was still present.  Attempts to make the diacrylate analog were unsuccessful. 
 
2.4  Computational Modeling 
 Modeling of the effects of force on the spiropyrans was performed in collaboration with Lee 
Cremar in the Martínez group and in parallel with the synthetic and mechanical testing efforts.  The 
ability to accurately model mechanophores under deformation serves several purposes.  The simplest aim 
is to determine whether a potential mechanophore is likely to undergo the desired reaction.  In addition, 
information on the amount of force or strain required to break a given bond can also be obtained.  
Validation of these results with single molecule force spectroscopy, solution, and bulk experiments would 
allow for future rapid screening of potential mechanophores for absolute and relative activity and further 
elucidate design rules. 
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 Modeling can also help explain interesting effects observed during mechanochemical reactions.  
For example, as mentioned in Section 1.2.2, both the cis and trans forms of benzocyclobutene give the 
same Diels-Alder product whereas under photo or thermal conditions they would be expected to give 
different products.
29
  This can be explained by examining the computer simulations of pulling which 
show differing pathways (conrotary vs. disrotary) for the two isomers.
3,30,31
  These modeling experiments 
have also revealed more subtle effects of the magnitude of the applied force on the final products. 
 
2.4.1  COnstrained Geometries simulate External Force (COGEF) 
 One method for modeling molecules under strain is called “Constrained Geometries simulate 
External Force” or COGEF.32  In this method, after an initial energy minimization of the free molecule, 
the distance between the selected attachment points is increased in a stepwise fashion with the molecule’s 
energy being minimized between each step.  As the % elongation increases, the potential energy also 
increases until bond breakage occurs at which point the potential energy drops significantly due to the 
release of strain.  COGEF plots for related mechanophores can be compared to determine where bond 
breakage occurs in each as well as which ones are likely to break first.  Difunctional control molecules 
can be treated in a similar fashion to confirm their expected non-reactivity while the monofunctional 
control is unsuitable for modeling purposes. 
 Truncated (t) and extended (e) versions of SIM1 10 and the difunctional control 43 were used in 
COGEF calculations (Figure 2.7a and 2.7b).
10
  Truncated versions were used because the reduced number 
of atoms sped up the simulations and isolated bond breakage to the spiropyran rather than side chains.  
Extended versions were used later to confirm that the ester linkages used for polymer attachment were not 
more likely to break when compared to the spiro C-O bond.  Using the JAGUAR program for density 
functional theory (DFT) calculations (PBE density functional with the 6-31G* basis set) and MOPAC for 
semi-empirical calculations (PM3 FOMO-CAS(2/2)), t-10 and t-43 were stretched in 0.2 Å increments 
(Figure 2.7c).  The initial increase in relative energy vs. % elongation was the same for both the 
mechanophore and control.  However, at 17% elongation, the relative energy of the mechanophore peaks 
and rapidly decreased with spiro C-O bond cleavage occurring at 20%.  In contrast, the difunctional 
control did not peak until 24% elongation with rupture of the N-H bond at 27% elongation.  DFT 
simulations gave similar results.  The shorter elongation, lower overall energy, and observed site of bond 
cleavage confirmed the expectation that the spiro C-O bond was the weakest link in the mechanophore 
and that the difunctional control molecule would serve as an adequate control. 
 The extended models were based directly on the α-bromo ester functionalized spiropyrans with 
the bromo positions serving as the anchor points.  Due to the larger number of atoms, larger increments of 
0.5 Å were used for simulation.  Similar trends to those seen with the truncated molecules with respect to 
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relative energy and elongation levels were observed (Figure 2.7d).  Bond rupture occurred at larger 
absolute strains than for the truncated molecules which was attributed to extra, unproductive deformation 
allowed by the ester side chains.  For e-10, bond rupture again occurred at the spiro C-O bond.  In e-43, 
bond rupture occurred between two carbons in the alkyl side chain.  DFT simulations again mirrored the 
semi-empirical results. 
 
2.4.2  Ab Initio Steered Molecular Dynamics (AISMD) 
 The ab initio steered molecular dynamics
33-35
 method allows the application of force to a 
molecule to be more accurately modeled.  Instead of holding two atoms a fixed distance apart, 
approximating an infinitely strong force, the two atoms are pulled toward opposing fixed points at finite, 
nanonewton forces.  Using the electronic Schrödinger equation, the forces acting on all the atoms during 
dynamics can be determined allowing for arbitrary bond cleavage.  Multiple runs with different starting 
conditions of position and momentum at a particular temperature are used to get a statistical picture of 
what occurs over the time period being investigated.  The applied force can also be varied to determine its 
effect on which bond cleaves, the time required for cleavage, and what the final product configuration 
will be. 
 The truncated, t-10 and t-43, and extended, e-10 and e-43, models were used again for the 
AISMD simulations.
10
  Using DFT with a 6-31G basis set and the PBE density functional from within the 
MOLPRO software package, single trajectories of t-10 and t-43 were first subjected to different forces 
(1-3 nN) over 500 fs split into 0.5 fs increments to determine the minimal force required to break the spiro 
C-O bond (Figure 2.8a and 2.8b).  Bond rupture of the spiro C-O bond (Figure 2.8b inset) occurred at 2 
nN in t-10 with higher forces showing faster cleavage.  In contrast, t-43 showed no bond rupture in the 
studied time frame.  Ten additional trajectories of t-10 and t-43 at 2 nN were run, and in every case, t-10 
cleaved while t-43 did not. 
 Simulations involving the extended models were done using semi-empirical methods with the 
PM3 Hamiltonian, fractional occupation molecular orbital (FOMO) method, and complete active space 
CAS(2,2) over 50 ps in 0.5 fs increments.  The extended models required slightly higher forces of 3 nN to 
induce bond cleavage.  When 20 additional trajectories for each were run at 3 nN, 12 runs showed spiro 
C-O cleavage in e-10 with the remaining 8 trajectories showing side chain ester C-O cleavage (Figure 
2.8c).  The control e-43 showed only rupture in the side chain ester C-O and C-C bonds (Figure 2.8d). 
 The Martinez group has done preliminary AISMD simulations using a B3LYP functional on 
some of the remaining potential mechanophores.  As alluded to in Section 1.4.2.2, the changes in linking 
geometry were expected to change the minimal forces required to cleave the spiro C-O bond.  Simulations 
of similarly truncated versions of SIM2 and TIM1 show that they require higher (3.0 nN) and lower (2.0 
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nN) forces, respectively, than required for SIM1 (2.5 nN).  SIM3 represents an interesting case, since 
physical models suggested significant transfer of force through the spiro C-C bond.  When SIM3 was 
subjected to 4 nN of force on ~30 different trajectories, spiro C-O bond cleavage occurred only once.  
Several trajectories showed no bond cleavage after 1-2 ps, but the most common bond cleavage was the 
C-H bond of the attachment site on the benzopyran side.  These results highlight the importance linking 
geometry on bond cleavage. 
 
2.5  Conclusions 
 All targeted spiropyrans were synthesized in their hydroxy forms in excellent yields for the final 
condensation step.  In many cases, multigram quantities were synthesized.  However, only some of them 
were successfully functionalized with α-bromo or methacryloyl esters, and these reactions suffered from 
significant losses during purification.  The modular synthetic scheme allowed for quick access to a wide 
variety of spiropyrans, especially those of the TIM type. 
 Modeling has confirmed that cleavage of the spiro C-O bond is favored for the putative 
mechanophores when the attachment points span this bond, while the difunctional control showed no 
cleavage.  Comparison of the forces required for bond cleavage of the putative mechanophores showed 
that some effect of linking geometry and mode of action (twisting vs. stretching) could be observed.  
Whether these differences will be detectable in bulk materials is unknown.  The most interesting result is 
that the SIM3 mechanophore showed very little C-O bond cleavage even at high forces.  This was 
expected to be the case based on simple tests with physical models. 
 
2.6  Synthetic Procedures 
2.6.1  General Procedures 
Materials: Unless otherwise stated, all starting materials and reagents were obtained from commercial 
suppliers and used without further purification.  Dry THF was obtained from an Anhydrous Engineering 
Solvent Delivery System (SDS) equipped with activated alumina columns.  All reactions were performed 
under N2 atmosphere unless otherwise specified, and all glassware was flame dried under vacuum before 
use.  Thin layer chromatography (TLC) was conducted on Silica Gel 60 F254 plates from EMD 
Chemicals.  Flash chromatography was conducted with SiliaFlash P60 silica gel (230-400 mesh) from 
Silicycle. 
 
Characterization: Melting points were obtained using an electrothermal melting temperature apparatus 
(Mel-Temp, Model 1001) or a digital scanning calorimeter (Mettler-Toledo DSC821e).  NMR spectra (
1
H 
and 
13
C) were obtained using either a Varian 400 or 500 MHz spectrometer in the VOICE NMR 
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laboratory at the University of Illinois.  Spectra were referenced to the residual proton solvent peaks using 
shifts reported by Gottlieb et al.
36
  Coupling constants (J) were reported in Hertz (Hz), and splitting 
patterns were designated as s (singlet), d (doublet), t (triplet), dd (doublet of doublets), m (multiplet), or br 
(broad).  For the hydroxyl spiropyrans which have complex spectra due to the presence of both open and 
closed forms, solutions were either treated with HCl gas generated by dripping concentrated HCl onto 
calcium chloride
37
 to obtain the open form or bleached with high intensity white light to obtain the closed 
form.   Mass spectra were obtained through the Mass Spectrometry Laboratory at the University of 
Illinois, and elemental analyses were performed by the University of Illinois Microanalysis Laboratory.  
 
2.6.2  Synthesis 
 
Synthesis of 5-methoxy-2,3,3-trimethyl-3H-indole (1)
6
 
(4-Methoxy)-phenyl hydrazine hydrochloride (20.0 g, 115 mmol, 1 equiv) and methyl isopropyl 
ketone (12.3 mL, 115 mmol, 1 equiv) were dissolved in 500 mL absolute EtOH and heated to reflux using 
a reflux condenser under N2 pressure.  After refluxing for 7 h, the solution was concentrated in vacuo.  
The crude product was purified by column chromatography eluting with 5% MeOH/CH2Cl2 to yield 1 
(17.69 g, 93.5 mmol, 82%) as a reddish-orange solid.  While the material appeared pure by NMR, 
sublimation at 75 ºC and 30 millitorr gave clear crystals which slowly darkened over time to their original 
reddish orange color. 
TLC (3:1 hexane:EtOAc) Rf:  0.11 (UV). 
1
H NMR (400 MHz, CDCl3):  δ 7.43 (d, J = 8.0 Hz, 1H), 6.84 (dd, J = 2.4, 0.4, 2H), 6.82 (dd, J = 8.6, 
2.4, 1H), 3.83 (s, 3H), 2.24 (s, 3H), 1.28 (s, 6H). 
13
C NMR (100 MHz, CDCl3):  δ 186.0, 158.0, 147.6, 147.4, 120.2, 112.1, 108.3, 55.3, 53.9, 23.4, 15.5. 
HRMS-ESI (m/z):  [M+H]
+
 calcd for C12H16NO, 190.1232; found, 190.1226. 
EA:  calcd:  C 76.16, H 7.99, N 7.40, found:  C 76.07, H 7.86, N 7.42. 
MP:  53-56 °C. 
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Synthesis of 5-hydroxy-2,3,3-trimethyl-3H-indole (2)
6
 
To a solution of 1 (3.00 g, 15.9 mmol, 1 equiv) in 18.4 mL CH2Cl2 at 0 °C was added 1 M BBr3 
in CH2Cl2 (30.1 mL, 30.1 mmol, 1.9 equiv) via syringe over 10 min.  The solution was allowed to warm 
to room temperature overnight.  After 20.5 h, the solution was treated with 90 mL of a saturated NaHCO3 
solution.  The solution was then diluted with 300 mL of water and a small amount of MeOH to dissolve 
the black tarry residue.  The solution was extracted with CH2Cl2 (5 x 300 mL), dried over Na2SO4, and 
concentrated in vacuo.  The crude product was purified by column chromatography eluting with 5% 
MeOH/CH2Cl2 to yield 2 as a brown solid (2.53 g, 14.4 mmol, 91%). 
 
 
Synthesis of 5-hydroxy-2,3,3-trimethyl-3H-indole (2)
10
 
 Methoxy indole 1 (5.68 g, 30.0 mmol, 1 equiv) was dissolved in 48% aq. HBr (100 mL, 900 
mmol, 30 equiv), fitted with a reflux condenser, and placed in a preheated 140 °C oil bath.  After 
refluxing for 2 h, the solution was diluted with 400 mL water and neutralized with solid NaHCO3 until the 
solution was basic.  The aqueous solution was extracted with CH2Cl2 (4 x 200 mL).  The combined 
organics layers were washed with brine (300 mL), dried over Na2SO4, filtered, and concentrated in vacuo 
to yield 2 as a brown solid (5.12 g, 29.2 mmol, 97%).  Material was pure by NMR and was used without 
further purification. 
TLC (1:3 hexane:EtOAc) Rf:  0.35 (UV). 
1
H (400 MHz, CDCl3):  δ 10.59 (br, 1H), 7.31 (d, J = 8.4 Hz, 1H), 6.87 (d, J = 2.4 Hz, 1H), 6.81 (dd, J = 
8.4, 2.4 Hz, 1H), 2.25 (s, 3H), 1.26 (s, 6H). 
13
C NMR (100 MHz, CDCl3):  δ 186.0, 156.2, 147.3, 144.7, 120.0, 114.4, 110.0, 53.8, 23.3, 15.0. 
HRMS-ESI (m/z):  [M+H]
+
 calcd for C11H14NO, 176.1075; found, 176.1073. 
EA:  calcd:  C 75.40, H 7.48, N 7.99, found:  C 75.35, H 7.63, N 8.04. 
MP:  189-191 °C. 
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Synthesis of 5-hydroxy-1,2,3,3-tetramethyl-3H-indolium iodide (3)
6
 
Hydroxy indole 2 (10.4 g, 59.4 mmol, 1 equiv) was first ground to a fine powder.  The powder 
was then dissolved in methyl iodide (55.4 mL, 890 mmol, 15 equiv) and heated to 40 °C using a reflux 
condenser under N2 pressure.  After 24 h, the solution was filtered and washed with 500 mL of benzene.  
The precipitate was recrystallized from hot ethanol, and the crystals were filtered and washed with cold 
EtOH.  Three crops were collected to yield hydroxy indole salt 3 as brown crystals (17.08 g, 53.8 mmol, 
91%). 
1
H (400 MHz, d6-DMSO):  δ 10.31 (s, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.12 (d, J = 2 Hz, 1H), 6.93 (dd, 
J = 8.8, 2.6 Hz, 1H), 3.89 (d, J = 1.2 Hz, 3H), 2.66 (d, J = 0.8 Hz, 3H), 1.46 (s, 6H). 
13
C NMR (100 MHz, d6-DMSO):  δ 192.0, 159.1, 143.8, 134.2, 116.2, 115.1, 110.4, 53.5, 34.6, 21.9, 
13.7. 
HRMS-ESI (m/z):  [M+H-I]
+
 calcd for C12H16NO, 190.1232; found, 190.1233. 
EA:  calcd:  C 45.44, H 5.08, N 4.42, found:  C 45.32, H 5.04, N 4.36. 
MP:  253-255 °C. 
 
 
Synthesis of 2,3-dihydroxybenzaldehyde (4)
6
 
To a solution of o-vanillin (3.00 g, 19.7 mmol, 1 equiv) in 50 mL CH2Cl2 at 0 °C was added 1 M BBr3 in 
CH2Cl2 (21.7 mL, 21.7 mmol, 1.1 equiv) via syringe over 5 min.  The solution was allowed to warm to 
room temperature overnight.  After 19 h, 120 mL of water was added, and the solution stirred for 30 min.  
The solution was then extracted with EtOAc (3 x 200 mL), washed with water (100 mL), dried over 
Na2SO4, and concentrated in vacuo to give a dark purple residue.  The crude product was purified by 
column chromatography eluting with 1% MeOH/CH2Cl2 to yield 4 as a yellow solid (2.30 g, 16.6 mmol, 
85%). 
TLC (5% MeOH/CH2Cl2) Rf: 0.61 (UV). 
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1
H NMR (400 MHz, CDCl3): δ 11.09 (d, J = 0.4 Hz, 1H), 9.00 (s, 1H), 7.19 (dd, J = 7.6, 1.6 Hz, 1H), 
7.14 (dd, J = 7.6, 1.6 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 5.71 (s, 1H). 
13
C NMR (100 MHz, CDCl3): δ 197.0, 148.5, 145.0, 124.6, 121.8, 120.8, 120.5. 
LRMS-FD (m/z):  [M]
+
 calcd for C7H6O3, 138.12; found, 138.1. 
EA: calc: C 60.87, H 4.38.  found:  C 60.66, H 4.13. 
MP: 108-109 °C. 
 
 
Synthesis of 3-acetoxy-2-hydroxy-benzaldehyde (5)
6
 
Prepared according to literature procedure.
12
 
TLC (5% MeOH/CH2Cl2) Rf: 0.74 (UV). 
1
H NMR (500 MHz, CDCl3): δ 11.13 (s, 1H), 9.92 (s, 1H), 7.48 (dd, J = 7.5, 1.5 Hz, 1H), 7.31 (dd, J = 8, 
1.5 Hz, 1H), 7.03 (t, J = 7.5 Hz, 1H), 2.36 (s, 3H). 
13
C NMR (125 MHz, CDCl3): δ 196.6, 168.8, 153.5, 139.1, 131.2, 130.1, 122.0, 119.8, 20.7. 
LRMS-FD (m/z):  [M]
+
 calcd for C9H8O4, 180.163; found, 180.1. 
EA: calcd: C 60.00, H 4.48, found:  C 59.64, H 4.41. 
MP: 97-98 °C. 
 
 
Synthesis of 3-acetoxy-2-hydroxy-5-nitro-benzaldehyde (6)
6
 
Prepared according to literature procedure.
12
 
1
H NMR (400 MHz, d6-DMSO): δ 10.31 (s, 1H), 8.35 (d, J = 2.8 Hz, 1H), 8.32 (d, J = 2.8 Hz, 1H), 2.32 
(s, 3H). 
13
C NMR (125 MHz, CDCl3): δ 189.2, 167.0, 158.34, 139.58, 138.83, 124.23, 123.62, 121.76, 20.94. 
LRMS-FD (m/z):  [M]
+
 calcd for C9H7NO6, 225.15; found, 225.1. 
EA: calcd: C 48.01, H 3.13, N 6.22, found:  C 47.91, H 2.93, N 6.11. 
MP: 180-182 °C. 
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Synthesis of 2,3-dihydroxy-5-nitro-benzaldehyde (7)
6
 
Prepared according to literature procedure.
12
 
Characterization data matches that obtained by the alternative synthesis below. 
 
 
Synthesis of 2-hydroxy-3-methoxy-5-nitro-benzaldehyde (8)
10
 
 o-Vanillin (5.00 g, 32.9 mmol, 1 equiv) was dissolved in 23 mL glacial acetic acid and 1 mL of 
DI water.  The solution was cooled to 0 °C, and nitric acid (2.3 mL, 36.1 mmol, 1.1 equiv) in 6.5 mL 
glacial acetic acid was added dropwise using an addition funnel.  After stirring for 1.5 h, the solution was 
diluted with 50 mL water, filtered, the precipitate washed with water, and allowed to dry.  Isolated 
methoxy nitrobenzaldehyde 8 as a light yellow solid (4.85 g, 24.6 mmol, 75%). 
TLC (5% MeOH/CH2Cl2) Rf:  0.48 (UV). 
1
H NMR (400 MHz, CDCl3):  δ 11.75 (s, 1H), 10.00 (s, 1H), 8.23 (d, J = 2.4 Hz, 1H), 7.93 (d, J = 2.8 Hz, 
1H), 4.02 (s, 3H). 
13
C NMR (500 MHz, CDCl3):  δ 195.7, 157.0, 149.1, 140.5, 120.6, 118.9, 111.5, 56.9. 
HRMS-EI (m/z):  [M]
+
 calcd for C8H7NO5, 197.0324; found, 197.0325. 
EA:  calcd:  C 48.74, H 3.58, N 7.10, found:  C 48.66, H 3.52, N 7.04. 
MP:  141-142 °C. 
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Synthesis of 2,3-dihydroxy-5-nitro-benzaldehyde (7)
10
 
 A solution of 8 (21.8 g, 110 mmol, 1 equiv) in 48% aq. HBr (367 mL, 3300 mmol, 30 equiv) was 
heated to reflux.  After 4.5 h, the solution was diluted with 600 mL water, cooled to 0 °C, filtered, the 
precipitate washed with water, and allowed to dry.  The aqueous washings were extracted with 
EtOAc/CH2Cl2 (50:50, 3 x 400 mL), dried over Na2SO4, filtered, and concentrated in vacuo.  The 
combined crude material was recrystallized from boiling EtOAc.  The crystals were filtered and washed 
with diethyl ether.  A further two crops were obtained from the mother liquor to yield 7 as light yellow 
needles (17.44 g, 95.2 mmol, 86%). 
TLC (0.5% MeOH/CH2Cl2 on C-18) Rf:  0.48 (UV). 
1
H NMR (400 MHz, d6-DMSO):  δ 11.18 (br, 2H), 10.30 (s, 1H), 7.97 (d, J = 2.8 Hz, 1H), 7.75 (d, J = 
3.2 Hz, 1H). 
13
C NMR (100 MHz, d6-DMSO):  δ 189.7, 156.0, 147.2, 139.2, 121.8, 114.5, 113.2. 
LRMS-FD (m/z):  [M]
+
 calcd for C7H5NO5, 183.12; found, 183.1. 
EA:  calcd:  C 45.91, H 2.75, N 7.65, found:  C 45.76, H 2.47, N 7.50. 
MP:  230-233 °C. 
 
 
Synthesis of (±)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diol (9)
6
 
Hydroxy indole salt 3 (3.00 g, 9.46 mmol, 1 equiv), nitrobenzaldehyde 7 (1.73 g, 9.46 mmol, 1 
equiv), and piperidine (1.87 mL, 18.9 mmol, 2 equiv) were dissolved in 93 mL EtOH and heated to 
reflux.  After 2 h, the solution was removed from heat, filtered, washed with EtOH, and the precipitate 
dried under high vacuum to yield dihydroxy SIM1 9 (3.32 g, 9.37 mmol, 99%) as a dark green powder. 
1
H NMR (400 MHz, d6-DMSO, HCl):  δ 8.56 (d, J = 2.4 Hz, 1H, H7), 8.33 (d, J = 16.4 Hz, 1H, H3), 7.88 
(d, J = 2.8 Hz, 1H, H5), 7.78 (d, J = 16.8Hz, 1H, H2), 7.74 (d, J = 8.8 Hz, 1H, H7ʹ), 7.22 (d, J = 2 Hz, 1H, 
H4ʹ), 7.04 (dd, J = 8.4, 2.4 Hz, 1H, H6ʹ), 4.09 (s, 3H, H15), 1.71 (s, 6H, H11 and H12). 
13
C NMR (125 MHz, d6-DMSO, HCl):  δ 178.4, 159.8, 153.2, 146.4, 145.9, 143.8, 139.7, 133.8, 121.1, 
116.6, 115.9, 115.8, 114.6, 111.8, 109.8, 51.75, 34.61, 25.72. 
LRMS-FD (m/z):  [M]
+
 calcd for C19H18N2O5, 354.12; found, 354.2. 
HRMS-EI (m/z):  [M]
+
 calcd for C19H18N2O5, 354.12214; found, 354.12157. 
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MP:  Decomposition above 270 ºC. 
 
 
Synthesis of (±)-5',8-bis[(2-bromo-2-methylpropionyl)oxy]-1',3',3'-trimethylspiro-6-nitro-[2H-1-
benzopyran-2,2'-indoline] (10)
6
 
Dihydroxy SIM1 9 (2.38 g, 6.72 mmol, 1 equiv) was suspened in 109 mL THF, Et3N (2.86 mL, 
20.5 mmol, 3.05 equiv) was added, and the solution cooled to 0 °C.  A solution of 2-bromo-2-
methylpropionyl bromide (2.49 mL, 20.1 mmol, 3 equiv) in 18.5 mL THF was added dropwise via 
syringe to the cold solution.  The solution was allowed to stir while warming to room temperature.  After 
22 h, the solution was diluted with 90 mL diethyl ether, filtered, washed with diethyl ether, and the 
washings concentrated in vacuo.  The crude product was purified by column chromatography eluting with 
1% MeOH/CH2Cl2.  Recrystallization was accomplished by dissolving in minimal hot THF and adding to 
boiling hexanes to yield α-bromo SIM1 10 as yellow crystals (1.49 g, 2.28 mmol, 34%).  Crystallization 
is necessary to prevent degradation of the product. 
TLC (1% MeOH/CH2Cl2) Rf:  0.88 (UV). 
1
H NMR (400 MHz, CDCl3):  δ 7.98 (d, J = 2.8 Hz, 1H, H5), 7.92 (d, J = 2.8 Hz, 1H, H7), 7.00 (d, J = 
10.8 Hz, 1H, H3), 6.87 (dd, J = 8.4, 2.8 Hz, 1H, H6ʹ), 6.80 (d, J = 2.4 Hz, 1H, H4ʹ), 6.48 (d, J = 8.4 Hz, 
1H, H7ʹ), 5.92 (d, J = 10 Hz, 1H, H2), 2.67 (s, 3H, H18), 2.07 (s, 6H, H17a and H17b), 1.58 (s, 6H, H12a and 
H12b), 1.26 (s, 3H, H14), 1.21 (s, 3H, H13). 
13
C NMR (125 MHz, CDCl3):  δ 170.9, 169.4, 151.0, 145.7, 144.7, 140.3, 137.6, 137.3, 128.7, 121.2, 
120.6, 120.1, 119.6, 119.2, 115.1, 108.0, 107.6, 55.8, 54.1, 52.1, 30.9, 30.4, 30.3, 29.0, 25.9, 19.5. 
LRMS-FD (m/z):  [M]
+
 calcd for C27H28Br2N2O7, 652.33; found, 652.3. 
EA:  calcd:  C 60.87, H 4.38, found:  C 60.66, H 4.13. 
MP:  172-175 °C. 
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Synthesis of (±)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diyl bis(2-methylacrylate) 
(11)
10
 
 Dihydroxy SIM1 9 (524 mg, 1.48 mmol, 1 equiv) and Et3N (0.43 mL, 3.11 mmol, 2.1 equiv) 
were partially dissolved in 24.3 mL anhydrous THF and cooled to 0 °C.  A solution of methacryloyl 
chloride (0.30 mL, 3.11 mmol, 2.1 equiv) in 4.1 mL anhydrous THF was added dropwise by syringe over 
2 h.  After stirring under N2 for 16 h while allowing the solution to warm to rt, the solution was diluted 
with 50 mL diethyl ether, filtered, washed with diethyl ether, and the washings concentrated in vacuo.  
The crude product was purified by column chromatography eluting with 1% MeOH/CH2Cl2 to yield crude 
methacryloyl SIM1 11 (243 mg, 0.495 mmol, 34%).  Recrystallization from hot hexanes yielded 
methacryloyl SIM1 11 as yellow-orange crystals (149 mg, 0.304 mmol, 21%).  Crystallization is 
necessary to prevent degradation of the product. 
TLC (1% MeOH/CH2Cl2) Rf:  0.68 (UV). 
1
H NMR (400 MHz, CDCl3):  δ 7.96 (d, J = 2.8 Hz, 1H, H7), 7.92 (d, J = 2.4 Hz, 1H, H5), 6.99 (d, 
J = 10.8 Hz, 1H, H3), 6.86 (dd, J = 8.4, 2.8 Hz, 1H, H6'), 6.79 (d, J = 2.4 Hz, 1H, H4'), 6.46 (d, J = 8.4 Hz, 
1H, H7'), 6.33 (m, 1H, H14a, H14b, H20a or H20b), 5.91 (d, J = 10.4 Hz, 1H, H2), 5.92 (m, 1H, H14a, H14b, H20a, 
or H20b), 5.74 (m, 1H, H14a, H14b, H20a, or H20b), 5.51 (m, 1H, H14a, H14b, H20a, or H20b), 2.64 (s, 3H, H10), 
2.07 (m, 3H, H13 or H19), 1.69 (m, 3H, H13 or H19), 1.24 (s, 3H, H16), 1.21 (s, 3H, H15). 
13
C NMR (100 MHz, CDCl3):  δ 166.5, 165.3, 151.0, 145.3, 144.7, 140.3, 138.2, 137.4, 136.3, 134.6, 
128.6, 128.1, 126.9, 121.0, 120.3, 120.0, 119.4, 119.3, 115.4, 107.53, 107.49, 51.9, 29.0, 25.7, 19.7, 18.7, 
17.9. 
HRMS-EI (m/z):  [M]
+
 calcd for C27H26N2O7, 490.1740; found, 490.1743. 
EA:  calcd:  C 66.11, H 5.34, N 5.71, found:  C 65.87, H 5.17, N 5.68. 
MP:  137-138 °C. 
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Synthesis of 2-hydroxy-4-(2-hydroxyethoxy)benzaldehyde (14) 
 2,4-Dihydroxybenzaldehyde (5.00 g, 36.2 mmol, 1 equiv), K2CO3 (18.0 g, 130 mmol, 3.6 equiv), 
and 18-crown-6 (96 mg, 0.362 mmol, 0.01 equiv) were partially dissolved in 72 mL acetone.  After 
heating to reflux, 2-bromoethanol (7.70 mL, 109 mmol, 3 equiv) was added.  After stirring for 6 hours, 
the solvent was removed.  The resulting residue was dissolved in water (250 mL) and treated with 1 M 
HCl to acidic pH.  The solution was extracted with EtOAc (4 x 250 mL), the organic layers washed with 
brine (500 mL), dried over Na2SO4, filtered, and concentrated in vacuo to give a purple solid.  The crude 
product was purified by column chromatography eluting with 1:2 hexanes:EtOAc to yield hydroxy alkyl 
benzaldehyde 14 (2.43 g, 13.3 mmol, 37%) as a yellow solid. 
TLC (1:3 hexanes:EtOAc) Rf:  0.48. 
1
H NMR (400 MHz, CDCl3):  δ 11.47 (s, 1H), 9.73 (s, 1H), 7.45 (d, J = 8.8 Hz, 1H), 6.57 (dd, J = 8.8, 2.4 
Hz, 1H), 6.44 (d, J = 2.4 Hz, 1H), 4.52 (s, 1H), 4.14 (m, 2H), 4.00 (m, 2H). 
13
C NMR (125 MHz, CDCl3):  δ 194.6, 165.9, 164.6, 135.5, 115.6, 108.7, 101.5, 69.81, 61.23. 
LRMS-FD (m/z):  [M]
+
 calcd for C9H10O4, 182.06; found, 182.2. 
 
 
Synthesis of 2-(4-formyl-5-hydroxy-2-nitrophenoxy)ethyl acetate (15) 
 Alkyl hydroxyl benzaldehyde 14 (2.37 g, 13.0 mmol, 1 equiv) was dissolved in 23.8 mL glacial 
acetic acid and cooled to 0 ºC.  A mixture of nitric acid (4.20 mL, 66.4 mmol, 5.1 equiv) and sulfuric acid 
(2.33 mL, 42.9 mmol, 3.3 equiv) in 2.38 mL glacial acetic acid was added dropwise to the cold 
benzaldehyde solution.  After stirring for 22.5 h, the solution was added dropwise to 600 mL water and 
neutralized with sodium bicarbonate to neutral pH.  The aqueous solution was extracted with EtOAc (2 x 
500 mL, 3 x 250 mL), the organic layers washed with brine (2 x 250 mL), dried over Na2SO4, filtered, 
and concentrated in vacuo to give an orange liquid.  The crude product was purified by column 
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chromatography eluting with 1:3 hexanes:EtOAc to yield nitrobenzaldehyde 15 (969 mg, 3.59 mmol, 
28%) as a yellow solid. 
TLC (1:3 hexanes:EtOAc) Rf:  0.65. 
1
H NMR (500 MHz, CDCl3):  δ 11.75 (s, 1H), 9.80 (s, 1H), 8.32 (s, 1H), 6.56 (s, 1H), 4.50 (m, 2H), 4.36 
(m, 2H), 2.11 (s, 3H). 
13
C NMR (125 MHz, CDCl3):  δ 194.1, 170.9, 166.9, 159.3, 133.1, 113.7, 102.1, 68.15, 61.62, 20.89. 
LRMS-FD (m/z):  [M]
+
 calcd for C11H11NO7, 269.05; found, 269.1 
HRMS-EI (m/z):  [M]
+
 calcd for C11H11NO7, 269.05355; found, 269.05293. 
MP:  88-90 ºC. 
 
 
Synthesis of 2-hydroxy-4-(2-hydroxyethoxy)-5-nitrobenzaldehyde (16) 
 Nitrobenzaldehyde 15 (943 mg, 3.5 mmol, 1 equiv) was dissolved in 23.5 mL MeOH.  K2CO3 
was added, and the solution turned orange.  After stirring for 2.5 h, the solvent was removed.  The 
resulting residue was dissolved in water (50 mL) and treated with 1M HCl to acidic pH.  The solution was 
extracted with EtOAc (4 x 100 mL), the organic layers washed with brine (150 mL), dried over Na2SO4, 
filtered and concentrated in vacuo to give a red-orange liquid.  The crude product was purified by column 
chromatography eluting with 7% MeOH/CH2Cl2 to yield crude 16 (527 mg, 2.32 mmol, 66%).  
Recrystallization from hot EtOAc:hexanes yielded 16 as yellow crystals (418 mg, 1.84 mmol, 53%). 
TLC (1:3 hexanes:EtOAc) Rf:  0.65. 
1
H NMR (500 MHz, d6-DMSO):  δ 11.96 (br, 1H), 10.10 (s, 1H), 8.28 (s, 1H), 6.75 (s, 1H), 4.97 (br, 1H), 
4.20 (t, J = 5 Hz, 2H), 3.76 (t, J = 5 Hz, 2H). 
13
C NMR (125 MHz, d6-DMSO):  δ 188.8, 165.6, 158.4, 132.3, 128.1, 115.3, 101.9, 71.72, 59.06. 
LRMS-FD (m/z):  [M]
+
 calcd for C9H9NO6, 227.04; found, 227.1. 
HRMS-EI (m/z):  [M]
+
 calcd for C9H9NO6, 227.04299; found, 227.04234. 
MP:  95-97 ºC. 
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Synthesis of (±)-7-(2-hydroxyethoxy)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indolin]-5'-ol (17) 
 Indole salt 3 (381 mg, 1.20 mmol, 1 equiv), nitrobenzaldehyde 16 (273 mg, 1.2 mmol, 1 equiv), 
and piperidine (0.24 mL, 2.40 mmol, 2 equiv) were dissolved in 11.9 mL absolute EtOH and heated to 
reflux.  After 2 h, the solution was cooled, filtered, the precipitate washed with small aliquots of cold 
EtOH, and allowed to dry to yield dihydroxy SIM2 17 (390 mg, 0.979, 81%) as shiny green powder. 
1
H NMR (500 MHz, d6-DMSO, HCl):  δ 8.77 (s, 1H, H5 or H8), 8.17 (d, J = 16.5 Hz, 1H, H3), 7.65 (d, J = 
9 Hz, 1H, H7ʹ), 7.62 (d, J = 16 Hz, 1H, H2), 7.21 (s, 1H, H5 or H8), 7.17 (d, J = 2.5 Hz, 1H, H4ʹ), 7.02 (dd, 
J = 8.5, 2.5 Hz, 1H, H6ʹ), 4.09 (t, J = 5 Hz, 2H, H10 or H11), 3.70 (t, J = 5 Hz, 2H, H10 or H11), 1.64 (s, 6H, 
H13 and H14). 
13
C NMR (125 MHz, d6-DMSO, HCl):  δ 178.7, 164.4, 159.9, 156.9, 145.9, 144.4, 134.1, 132.9, 129.1, 
116.4, 116.0, 114.6, 112.6, 110.1, 101.8, 71.76, 59.26, 51.74, 34.64, 26.27. 
LRMS-FD (m/z):  [M]
+
 calcd for C21H22N2O6, 398.15; found, 398.1. 
HRMS-EI (m/z):  [M]
+
 calcd for C21H22N2O6, 398.14779; found, 398.14679. 
 
 
Synthesis of (±)-2-((5'-((2-bromo-2-methylpropanoyl)oxy)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-
indolin]-7-yl)oxy)ethyl 2-bromo-2-methylpropanoate (18) 
 Dihydroxy SIM2 17 (50 mg, 0.125 mmol, 1 equiv) and Et3N (53 µL, 0.383 mmol, 3.05 equiv) 
were partially dissolved in 2.03 mL anhydrous THF and cooled to 0 ºC.  A solution of 2-bromo-2-
methylpropionyl bromide (47 µL, 0.376 mmol, 3 equiv) in 0.33 mL anhydrous THF was added dropwise 
by syringe.  After stirring for 18 h while allowing the solution to warm to rt, the solution was diluted with 
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diethyl ether, filtered, washed with diethyl ether, and the washing concentrated in vacuo.  The crude 
product was purified by column chromatography eluting with 5% MeOH/CH2Cl2 to yield α-bromo SIM2 
18 (71 mg, 0.101 mmol, 82%) as a red solid. 
TLC (1% MeOH/CH2Cl2) Rf:  0.69. 
1
H NMR (400 MHz, CDCl3):  δ 7.80 (s, 1H, H5), 6.93 (dd, J = 8.4, 2.8 Hz, 1H, H6ʹ), 6.86 (d, J = 2.4Hz, 
1H, H4ʹ), 6.85 (d, J = 10 Hz, 1H, H3), 6.51 (d, J = 8.4 Hz, 1H, H7ʹ), 6.42 (s, 1H, H8), 5.72 (d, J = 10.4 Hz, 
H2), 4.53 (m, 2H, H10 or H11), 4.25 (m, 2H, H10 or H11), 2.72 (s, 3H, H20), 2.07 (s, 6H, H14 or H19), 1.92 (s, 
6H, H14 or H19), 1.28 (s, 3H, H16), 1.19 (s, 3H, H15). 
13
C NMR (100 MHz, CDCl3):  δ 171.6, 171.0, 159.9, 154.8, 145.9, 144.3, 137.7, 128.2, 125.4, 119.9, 
119.0, 115.1, 112.0, 107.3, 107.0, 101.0, 67.17, 63.39, 55.75, 55.63, 52.24, 30.89, 30.83, 30.77, 30.44, 
29.23, 25.79, 19.86. 
LRMS-FD (m/z):  [M]
+
 calcd for C29H32Br2N2O8, 695.05; found, 696.1. 
 
 
Synthesis of 5-hydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (19) 
 Prepared according to literature procedure.
14
 
 
 
Synthesis of 2-((tert-butyldimethylsilyl)oxy)ethanol (20) 
 Prepared according to literature procedure.
15
  
 
 
Synthesis of 5-(2-((tert-butyldimethylsilyl)oxy)ethoxy)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (21) 
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 Protected benzoic acid 19 (800 mg, 4.11 mmol, 1 equiv), mono-TBDMS protected ethylene 
glycol 20 (941 mg, 5.34 mmol, 1.3 equiv), and triphenyl phosphine (1.40 g, 5.34 mmol, 1.3 equiv) were 
dissolved in 60 mL anhydrous THF and cooled to 0 °C.  DEAD (0.84 mL, 5.34 mmol, 1.3 equiv) was 
added dropwise, and the solution was allowed to stir.  After 19 h, the solvent was removed, and the 
residue was redissolved in EtOAc (100 mL).  The organic layer was washed with water (100 mL), and the 
aqueous layer extracted with EtOAc (3 x 100 mL).  The combined organic layers were washed with brine 
(300 mL), dried over Na2SO4, and concentrated in vacuo.  The crude product was purified by column 
chromatography eluting with 2:1 hexanes:EtOAc to yield 21 (1.16 g, 3.29 mmol, 80%) as a cream solid. 
TLC (1:1 hexanes:EtOAc) Rf:  0.84. 
1
H NMR (400 MHz, CDCl3):  δ 7.41 (t, J = 8 Hz, 1H), 6.67 (dd, J = 8.4, 0.8 Hz, 1H), 6.53 (dd, J = 8.4, 
1.2 Hz, 1H), 4.17 (t, J = 5.6 Hz, 2H), 4.05 (t, J = 5.6 Hz, 2H), 1.69 (s, 6H), 0.88 (s, 9H), 0.09 (s, 6H). 
13
C NMR (120 MHz, CDCl3):  δ 161.1, 158.0, 157.9, 136.3, 109.4, 107.2, 105.3, 103.8, 70.64, 61.84, 
26.02, 25.74, 18.47, -5.24. 
LRMS-FD (m/z):  [M+H]
+
 calcd for C18H29O5Si, 353.18; found, 353.2. 
MP:  77-79 ºC. 
 
 
Synthesis of 2-(2-((tert-butyldimethylsilyl)oxy)ethoxy)-6-hydroxybenzaldehyde (22) 
 Compound 21 (872 mg, 2.47 mmol, 1 equiv) was dissolved in 15.4 mL anhydrous CH2Cl2 and 
cooled to -78 °C.  DIBAL was added dropwise.  After stirring at -78 °C for 2 h, the reaction was 
quenched with MeOH (3.1 mL) followed by 1M HCl (7 mL).  The solution was warmed to room 
temperature and diluted with water (100 mL) and 1M HCl (15 mL) to give an acidic solution.  The 
mixture was extracted with diethyl ether (100 mL) and EtOAc (4 x 100 mL).  The combined organic 
layers were washed with brine (200 mL), dried over Na2SO4, filtered, and concentrated in vacuo.  The 
crude product was purified by column chromatography eluting with 4:1 hexanes:EtOAc to yield TBDMS 
benzaldehyde 22 (420 mg, 1.42 mmol, 54%) as a yellow oil.  Over time, the product solidified. 
TLC (4:1 hexanes:EtOAc) Rf:  0.63. 
1
H NMR (500 MHz, CDCl3):  δ 11.96 (s, 1H), 10.37 (s, 1H), 7.39 (t, J = 8.5 Hz, 1H), 6.52 (d, J = 8.5 Hz, 
1H), 6.38 (d, J = 8.5 Hz, 1H), 4.13 (t, J = 4.5 Hz, 2H), 3.99 (t, J = 5 Hz, 2H), 0.90 (s, 9H), 0.09 (s, 6H). 
LRMS-FI (m/z):  [M]
+
 calcd for C15H24O4Si, 296.14; found, 296.2. 
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MP:  38-40 ºC. 
 
 
Synthesis of 2-(2-formyl-3-hydroxy-4-nitrophenoxy)ethyl acetate (23) 
 TBDMS benzaldehyde 22 (389 mg, 1.31 mmol, 1 equiv) was dissolved in 12.1 mL glacial acetic 
acid and cooled in an ice bath.  A mixture of nitric acid (0.42 mL, 6.69 mmol, 5.1 equiv) and sulfuric acid 
(0.24 mL, 4.33 mmol, 3.3 equiv) in 1.21 mL glacial acetic acid was added dropwise to the cold 
benzaldehyde solution over 10 min.  After stirring for 22 h, the solution was diluted water (50 mL) and 
treated with solid sodium bicarbonate to neutral pH.  The aqueous solution was extracted with EtOAc (4 x 
100 mL).  The organic layers were washed with brine (150 mL), dried over Na2SO4, filtered, and 
concentrated in vacuo.  The crude product was purified by column chromatography eluting with 1:2 
hexanes:EtOAc to yield nitrobenzaldehyde 23 (212 mg, 0.79 mmol, 60%) as a yellow solid. 
TLC (1:2 hexanes:EtOAc) Rf:  0.45 (UV). 
1
H NMR (500 MHz, d6-DMSO):  δ 10.24 (s, 1H), 8.36 (d, J = 9.5 Hz, 1H), 6.87 (d, J = 9.5 Hz, 1H), 4.48 
(m, 2H), 4.43 (m, 2H), 2.05 (s, 3H). 
13
C NMR (125 MHz, d6-DMSO):  δ 194.1, 170.4, 165.5, 157.4, 135.2, 130.3, 110.8, 103.8, 68.18, 61.73, 
20.65. 
LRMS-FD (m/z):  [M]
+
 calcd for C11H11NO7, 269.05; found, 269.2. 
MP:  87-88 ºC. 
 
 
Synthesis of 2-hydroxy-6-(2-hydroxyethoxy)-3-nitrobenzaldehyde (24) 
 Nitrobenzaldehyde 23 (13.3 mg, 0.0494 mmol, 1 equiv) was dissolved in 1 mL MeOH, and 
K2CO3 (13.7 mg, 0.0988 mmol, 2 equiv) was added.  After stirring for 1h, solvent was removed.  The 
residue was dissolved in 15 mL water and treated with 1M HCl to acidic pH.  The aqueous solution was 
extracted with EtOAc (4 x 20 mL), and the organic layers washed with brine (50 mL), dried over Na2SO4, 
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filtered, and concentrated in vacuo.  The crude product was purified by column chromatography eluting 
with 7% MeOH/CH2Cl2 to yield nitrobenzaldehyde 24 (6.5 mg, 0.0286 mmol, 58%) as a yellow solid. 
TLC (7% MeOH/CH2Cl2) Rf:  0.30 (UV). 
1
H NMR (400 MHz, CDCl3):  δ 13.11 (br, 1H), 10.43 (s, 1H), 8.33 (d, J = 9.6 Hz, 1H), 6.56 (d, J = 9.2 
Hz, 1H), 4.32 (t, J = 4.8 Hz, 2H), 4.08 (t, J = 4.8 Hz, 2H). 
MP:  98-100 ºC. 
 
 
Synthesis of 5-(methoxymethoxy)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (25) 
 Protected benzoic acid 19 (3.04 g, 15.6 mmol, 1 equiv) was dissolved in 55 mL i-Pr2EtN and 
cooled to 0 ºC.  Methyl chloromethyl ether (2.37 mL, 31.2 mmol, 2 equiv) was added dropwise.  After 
stirring for 18 h, the solution was diluted with water (50 mL) and EtOAc (300 mL), and the organic layer 
washed with brine (4 x 150 mL).  The brine washings were then extracted with EtOAc (300 mL).  The 
organic layers were combined, washed with brine (250 mL), dried over Na2SO4, filtered, and concentrated 
in vacuo to give brown oil.  The crude product was purified by column chromatography eluting with 2:1 
hexanes:EtOAc to yield MOM-protected benzoic acid 25 (3.65 g, 15.3 mmol, 98%) as a cream solid. 
TLC (1:1 hexanes:EtOAc) Rf: 0.60. 
1
H NMR (500 MHz, CDCl3):  δ 7.42 (t, J = 8.5 Hz, 1H), 6.86 (d, J = 8.5 Hz, 1H), 6.60 (d, J = 8.5 Hz, 
1H), 5.31 (s, 2H), 3.53 (s, 3H), 1.70 (s, 6H). 
13
C NMR (125 MHz, CDCl3):  δ 159.1, 158.2, 157.7, 136.4, 110.5, 109.6, 105.4, 104.4, 95.04, 56.73, 
25.74. 
LRMS-FD (m/z):  [M]
+
 calcd for C12H14O5, 238.08; found, 238.4. 
HRMS-EI (m/z):  [M]
+
 calcd for C12H14O5, 238.08412; found, 238.08442. 
MP:  45-47 ºC. 
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Synthesis of 2-hydroxy-6-(methoxymethoxy)benzaldehyde (26) 
 Prepared according to literature procedure.
16
 
 
 
Synthesis of 2,6-dihydroxy-3-nitrobenzaldehyde (27) 
 MOM-protected benzaldehyde 26 (2.72 g, 14.9 mmol, 1 equiv) was dissolved in 27.4 mL glacial 
acetic acid and cooled in an ice bath.  A mixture of nitric acid (4.81 mL, 76 mmol, 5.1 equiv) and sulfuric 
acid (2.67 mL, 49.2 mmol, 3.3 equiv) in 2.67 mL glacial acetic acid was added dropwise to the cold 
benzaldehyde solution over 10 min.  After stirring for 4 h, the solution was filtered, the precipitate washed 
with water, and dried to give 1.2 g of a peach solid.  The aqueous washings were diluted with EtOAc (400 
mL) and washed with brine (4 x 150 mL).  The brine solution was then extracted with EtOAc (2 x 250 
mL), the organic layers combined, washed with brine (500 mL), dried over Na2SO4, filtered, and 
concentrated in vacuo using heptanes to azeotrope the residual acetic acid.  The resulting 1.2 g of red 
residue was combined with the dried precipitate and puriried by column chromatography eluting with 5% 
MeOH/CH2Cl2 to yield nitrobenzaldehyde 27 (1.69 g, 9.23 mmol, 62%) as a yellow solid. 
TLC (5% MeOH/CH2Cl2) Rf: 0.69. 
1
H NMR (500 MHz, CDCl3):  δ 12.88 (s, 1H, Hg), 11.93 (s, 1H, Hi), 10.43 (d, J = 0.5 Hz, 1H, Hh), 8.25 
(d, J = 9.5 Hz, 1H, Hd), 6.58 (dd, J = 9.5, 0.5 Hz, 1H, Hc). 
13
C NMR (125 MHz, CDCl3):  δ 193.5, 170.3, 160.2, 133.7, 126.1, 111.0, 109.6. 
HRMS (m/z):  [M]
+
 calcd for C7H5NO5, 183.0168; found, 183.0159. 
EA:  calcd:  C 45.91, H 2.75, N 7.65, found:  C 45.75, H 2.51, N 7.46. 
MP:  140-142 ºC. 
 
 
Synthesis of 2-(2-((tert-butyldimethylsilyl)oxy)ethoxy)-6-hydroxy-3-nitrobenzaldehyde (28) 
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 Nitrobenzaldehde 27 (1.68 g, 9.17 mmol, 1 equiv), mono-TBDMS protected ethylene glycol 20 
(2.10 g, 11.9 mmol, 1.3 equiv), and triphenylphosphine oxide (3.13 g, 11.9 mmol, 1.3 equiv) were 
dissolved in 18.3 mL anhydrous THF.  The solution was cooled to 0 ºC, and diisopropyl azodicarboxylate 
(2.35 mL, 11.9 mmol, 1.3 equiv) was added dropwise over 15 min.  After stirring for 1 h, the solution was 
heated to 65 ºC.  After heating for 26.5 h, the solvent was removed in vacuo to give a red-brown liquid.  
The crude product was purified by column chromatography eluting with 0.5% MeOH/CH2Cl2 to yield 
protected benzaldehyde 28 (1.22 g, 3.57 mmol, 39%) as a yellow oil. 
TLC (0.5% MeOH/CH2Cl2) Rf:  0.75. 
1
H NMR (500 MHz, CDCl3):  δ 12.48 (s, 1H, Hg), 10.53 (s, 1H, Hh), 8.18 (d, J = 9 Hz, 1H, Hd), 6.78 (d, 
J = 9.5 Hz, 1H, Hc), 4.25 (t, J = 4.3 Hz, 2H, Hi), 3.98 (t, J = 4.3 Hz, 2H, Hk), 0.848 (s, 9H, Ho), 0.047 (s, 
6H, Hm). 
13
C NMR (125 MHz, CDCl3):  δ 195.8, 167.5, 158.8, 134.4, 134.1, 115.0, 113.8, 109.9, 79.24, 62.68, 
25.87, 18.42, -5.38. 
LRMS-FD (m/z):  [M – t-butyl]+ calcd for C15H23NO6Si, 341.13; found, 341.4. 
HRMS-EI (m/z):  [M – t-butyl]+ calcd for C11H14NO6Si, 284.05904; found, 284.05770. 
 
 
Synthesis of 6-hydroxy-2-(2-hydroxyethoxy)-3-nitrobenzaldehyde (29) 
 Protected benzaldehyde 28 (1.03 g, 3.01 mmol, 1 equiv) was dissolved in 15.1 mL anhydrous 
THF, and 1M TBAF in THF (7.54 mL, 7.54 mmol, 2.5 equiv) was added.  After stirring for stirring for 
18 h, the solvent was removed in vacuo.  The resulting oil was redissolved in EtOAc (150 mL) and 
washed with brine (150 mL).  The brine layer was extracted with EtOAc (3 x 100 mL), the organic layers 
washed with brine (100 mL), dried over Na2SO4, filtered, and concentrated in vacuo.  The crude product 
was purified by column chromatography eluting with 8% MeOH/CH2Cl2 to yield crude 29.  Dissolution 
in minimal hot THF, addition to boiling hexanes, and subsequent cooling yielded deprotected 
benzaldehyde 29 (565 mg, 2.49 mmol, 82%) as thin yellow needles. 
TLC (8% MeOH/CH2Cl2) Rf:  0.37. 
1
H NMR (500 MHz, CDCl3):  δ 12.41 (s, 1H, Hg), 10.47 (d, J = 0.5 Hz, 1H, Hh), 8.20 (d, J = 9.5 Hz, 1H, 
Hd), 6.82 (dd, J = 9.0, 0.5 Hz, 1H, Hc), 4.30 (m, 2H, Hi), 4.05 (m, 2H, Hk), 1.94 (s, 1H, Hm). 
13
C NMR (125 MHz, CDCl3):  δ 195.0, 167.5, 158.3, 134.5, 134.4, 114.8, 114.3, 79.34, 62.01. 
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LRMS-FD (m/z):  [M]
+
 calcd for C9H9NO6, 227.04; found, 227.2. 
HRMS-EI (m/z):  [M]
+
 calcd for C9H9NO6, 227.04299; found, 227.04217. 
MP:  95-96 ºC. 
 
 
Synthesis of (±)-5-(2-hydroxyethoxy)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indolin]-5'-ol (30) 
Indole salt 3 (91.7 mg, 0.289 mmol, 1 equiv), deprotected benzaldehyde 29 (65.7 mg, 0.289 
mmol, 1 equiv), and piperidine (57 µL, 0.578 mmol, 2 equiv) were dissolved in 2.84 mL absolute EtOH 
and heated to reflux.  After 2 h, the solution was cooled, filtered, the precipitate washed with small 
aliquots of cold EtOH, and allowed to dry to yield dihydroxy SIM3 30 (104 mg, 0.261 mmol, 90%) as a 
dark red powder.   
1
H NMR (500 MHz, d6-DMSO, HCl):  δ 8.28 (d, J = 16.5 Hz, 1H, H3), 8.02 (d, J = 9.5 Hz, 1H, H7), 7.93 
(d, J = 16.5 Hz, 1H, H2), 7.72 (d, J = 9 Hz, 1H, H7ʹ), 7.28 (d, J = 9.5 Hz., 1H, H8), 7.19 (d, J = 2 Hz, 1H, 
H4ʹ), 7.05 (dd, J = 9, 2 Hz, 1H, H6ʹ), 3.99 (t, J = 4 Hz, 2H, H10 or H11), 3.95 (s, 3H, H16), 3.70 (t, J = 4 Hz, 
2H, H10 or H11), 1.67 (s, 6H, H13 and H14). 
LRMS-FD (m/z):  [M]
+
 calcd for C21H22N2O6, 398.15; found, 398.3. 
HRMS-EI (m/z):  [M]
+
 calcd for C21H22N2O6, 398.14779; found, 398.14646. 
MP:  Decomposition above 260 ºC. 
 
 
Synthesis of 6-iodohex-1-ol (31) 
 Prepared according to literature procedure.
20
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Synthesis of 1-(6-hydroxyhexyl)-5-methoxy-2,3,3-trimethyl-3H-indol-1-ium iodide (32) 
 Methoxy indole 1 (1.89 g, 10.0 mmol, 1 equiv) and 31 (2.51 g, 11.0 mmol, 1.1 equiv) were 
dissolved in 2.5 mL CH3CN.  After heating at 95 ºC for 48 h, the solvent was removed in vacuo.  The 
crude material was recrystallized by dissolving first in minimal hot MeOH, adding to boiling THF, and 
cooling of the whole mixture to yield indole salt 32 (2.26 g, 5.41 mmol, 54%) as light tan crystals. 
1
H NMR (500 MHz, d6-DMSO):  δ 7.87 (d, J = 9 Hz, 1H, identity), 7.49 (d, J = 2.5 Hz, 1H, identity), 
7.14 (dd, J = 9.0, 2.5 Hz, 1H, identity), 4.41 (t, J = 7.75 Hz, 2H, identity), 3.86 (s, 3H, identity), 3.37 (t, 
J = 6.25 Hz, 2H, identity), 2.77 (s, 3H, identity), 1.81 (m, 2H, identity), 1.45-1.30 (m, 6H, identity). 
13
C NMR (100 MHz, CDCl3):  δ 193.4, 160.6, 144.0, 134.2, 116.4, 114.4, 109.4, 60.46, 56.12, 53.93, 
47.53, 32.17, 27.34, 25.72, 25.10, 22.10, 13.68. 
HRMS-EI (m/z):  [M-H-I]
+
 calcd for C18H27NO2, 289.2042; found, 289.2043. 
MP:  149-150 ºC. 
 
 
Synthesis of (±)-1'-(6-hydroxyhexyl)-5'-methoxy-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-8-ol 
(33) 
 Indole salt 32 (1.00 g, 2.40 mmol, 1 equiv), nitrobenzaldehyde 7 (439 mg, 2.40 mmol, 1 equiv), 
and Et3N (0.67 mL, 4.80 mmol, 2 equiv) were dissolved in 23.5 mL absolute EtOH and heated to reflux.  
After 2 h, the solution was cooled, filtered, the precipitate washed with small aliquots of cold EtOH, and 
allowed to dry to yield dihydroxy TIM1 33 (1.05 g, 2.31 mmol, 96%) as a dark green crystals. 
1
H NMR (500 MHz, d6-DMSO, HCl):  δ 8.51 (d, J = 2.5 Hz, 1H, H4ʹ), 8.39 (d, J = 16.5 Hz, 1H, H3), 7.98 
(d, J = 3 Hz, 1H, H7), 7.89 (d, J = 9 Hz, 1H, H7ʹ), 7.84 (d, J = 16 Hz, 1H, H2), 7.54 (d, J = 3Hz, 1H, H5), 
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7.13 (dd, J = 9, 2.5 Hz, 1H, H6ʹ), 4.60 (t, J =7.5 Hz, 2H, H14), 3.85 (s, 3H, H13), 3.30 (t, J = 6.5 Hz, 2H, 
H19), 1.80 (m, J = 7.5 Hz, 2H, H15), 1.74 (s, 6H, H11 and H12), 1.41-1.25 (m, 6H, H16-H18). 
13
C NMR (125 MHz, d6-DMSO, HCl):  δ 179.9, 161.3, 153,7, 146.8, 146.4, 146.1, 140.0, 134.1, 121.2, 
117.1, 116.9, 115.4, 114.6, 112.5, 109.0, 60.65, 56.46, 52.41, 47.24, 32.31, 28.52, 26.18, 25.97, 25.26. 
LRMS-FD (m/z):  [M]
+
 calcd for C25H30N2O6, 454.21; found, 454.2. 
HRMS-EI (m/z):  [M]
+
 calcd for C25H30N2O6, 454.21039; found, 454.20945. 
MP:  Melts just before decomposition at >235 ºC. 
 
 
Synthesis of (±)-6-(8-((2-bromo-2-methylpropanoyl)oxy)-5'-methoxy-3',3'-dimethyl-6-
nitrospiro[chromene-2,2'-indolin]-1'-yl)hexyl 2-bromo-2-methylpropanoate (34) 
 Dihydroxy TIM1 33 (50 mg, 0.110 mmol, 1 equiv) and Et3N (46 µL, 0.331 mmol, 3.01 equiv) 
were dissolved in 2.38 mL anhydrous THF and cooled to 0 ºC.  A solution of 2-bromo-2-methylpropionyl 
bromide (41 µL, 0.330 mmol, 3 equiv) in 0.41 mL anhydrous THF was added dropwise by syringe.  After 
stirring for 22 h while allowing the solution to warm to rt, the solution was diluted with diethyl ether, 
filtered, washed with diethyl ether, and the washings concentrated in vacuo.  The crude product was 
purified by column chromatography eluting with 1% MeOH/CH2Cl2 to yield α-bromo TIM1 34 (23.5 mg, 
0.0312 mmol, 28%). 
TLC (1% MeOH/CH2Cl2) Rf:  0.74. 
1
H NMR (500 MHz, CDCl3):  δ 7.96 (d, J = 3 Hz, 1H, H7), 7.90 (d, J = 3 Hz, 1H, H5), 6.95 (d, J = 10.5 
Hz, 1H, H3), 6.67 (d J = 2.5 Hz, 1H, H4ʹ), 6.64 (dd, J = 8, 2.5 Hz, 1H, H6ʹ), 6.42 (d, J = 8 Hz, 1H, H7ʹ), 
5.92 (d, J = 10.5 Hz, 1H, H2), 4.14 (t, J = 6.5 Hz, 2H, H21), 3.76 (s, 3H, H15), 2.99 (m, 2H, H16), 1.95 (s, 
3H, H12 or H24), 1.92 (s, 6H, H12 or H24), 1.91 (s, 3H, H12 or H24), 1.23 (s, 3H, H14), 1.20 (s, 3H, H13). 
13
C NMR (125 MHz, CDCl3):  δ 171.9, 169.1, 154.4, 151.2, 141.5, 140.0, 137.8, 137.3, 128.3, 121.9, 
120.5, 119.6, 119.1, 111.7, 109.7, 108.9, 107.3, 66.06, 56.39, 56.36, 56.13, 53.97, 52.49, 44.06, 30.89, 
30.36, 30.25, 29.04, 28.43, 27.00, 25.81, 19.35. 
LRMS-FD (m/z):  [M]
+
 calcd for C33H40Br2N2O8, 752.11; found, 752.1. 
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Synthesis of (±)-6-(7-(2-hydroxyethoxy)-5'-methoxy-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-
1'-yl)hexan-1-ol (35) 
 Indole salt 32 (91.9 mg, 0.220 mmol, 1 equiv), nitrobenzaldehyde 16 (50 mg, 0.220 mmol, 1 
equiv), and piperidine (43 µL, 0.440 mmol, 2 equiv) were dissolved in 2.16 mL absolute ethanol and 
heated to reflux. After stirring for 2 h, the solution was allowed to cool and the solvent removed.  After 
redissolving in 25 mL CH2Cl2, the solution was washed with a mixture of water (25 mL) and brine (25 
mL).  The water/brine solution was extracted with CH2Cl2 (2 x 25 mL).  The organic layers were 
combined, washed with brine (75 mL), dried over Na2SO4, filtered and concentrated in vacuo to yield 
dihydroxy TIM2 35 (99.5 mg, 0.200 mmol, 90%) as a purple solid. 
1
H NMR (500 MHz, d6-DMSO, HCl):  δ 8.80 (s, 1H), 8.31 (d, J = 16 Hz, 1H), 7.83 (d, J = 9 Hz, 1H), 
7.73 (d, J = 16.5 Hz, 1H), 7.51 (d, J = 2.5 Hz, 1H), 7.14 (s, 1H), 7.12 (dd, J = 8.5, 2 Hz, 1H), 4.52 (t, J = 
7.5 Hz, 2H), 4.16 (t, J = 5 Hz, 2H), 3.86 (s, 3H), 3.75 (t, J = 5 Hz, 2H), 3.33 (t, J = 6.5 Hz, 2H), 1.81 (m, 
2H), 1.74 (s, 6H), 1.40-1.26 (m, 6H). 
13
C NMR (125 MHz, d6-DMSO, HCl):  δ 179.8, 164.6, 160.9, 157.1, 146.3, 146.0, 134.2, 132.9, 130.0, 
116.4, 115.2, 114.5, 112.2, 109.0, 101.7, 71.76, 60.61, 59.17, 56.36, 52.05, 46.82, 32.30, 28.28, 26.34, 
25.99, 25.23. 
LRMS-FD (m/z):  [M]
+
 calcd for C27H34N2O7, 498.24; found, 498.4. 
HRMS-EI (m/z):  [M]
+
 calcd for C27H34N2O7, 498.23660; found, 498.23583. 
MP:  Decomposition above 215 ºC. 
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Synthesis of (±)-6-(5-(2-hydroxyethoxy)-5'-methoxy-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-
1'-yl)hexan-1-ol (36) 
 Indole salt 32 (91.8 mg, 0.220 mmol, 1 equiv), nitrobenzaldehyde 29 (50 mg, 0.220 mmol, 1 
equiv), and piperidine (43 µL, 0.440 mmol, 1 equiv) were dissolved in 2.16 mL absolute ethanol and 
heated to reflux.  After 2 h, the solution was cooled, and the solvent removed.  The crude residue was 
dissolved EtOAc (25 mL), washed with water (3 x 25 mL), washed with brine (25 mL), dried over 
Na2SO4, and concentrated in vacuo to yield dihydroxy TIM3 36 (109 mg, 0.219 mmol, 90%) as a red 
solid. 
1
H NMR (500 MHz, CDCl3, bleached):  δ 7.81 (d, J = 9.2 Hz, 1H), 7.28 (d, J = 10.4 Hz, 1H), 6.72-6.69 
(m, 2H), 6.55 (d, J = 9.2 Hz, 1H), 6.46 (d, J = 8 Hz, 1H), 5.85 (d, J = 10.8 Hz, 1H), 4.24-4.14 (m, 2H), 
4.02 (t, J = 4.4 Hz, 1H), 3.79 (s, 3H), 3.61 (m, 2H), 3.13-2.98 (m, 2H), 1.70-1.30 (m, 8H), 1.25 (s, 3H), 
1.18 (s, 3H). 
13
C NMR (125 MHz, CDCl3, bleached):  δ 160.1, 154.0, 150.2, 141.5, 137.7, 136.0, 127.5, 123.1, 121.4, 
114.1, 111.7, 111.5, 109.8, 107.0, 106.8, 77.47, 63.00, 62.11, 56.11, 52.69, 43.90, 32.78, 28.92, 27.03, 
26.16, 25.56, 19.92. 
LRMS-FD (m/z):  [M]
+
 calcd for C27H34N2O7, 498.24; found, 498.1. 
HRMS-EI (m/z):  [M]
+
 calcd for C27H34N2O7, 498.23660; found, 498.23565. 
MP:  Decomposition above 230 ºC. 
 
 
Synthesis of 5-methoxy-1,2,3,3-tetramethyl-3H-indolium iodide (37)
6
 
Methoxy indole 1 (17.6 g, 92.8 mmol, 1 equiv) was combined with methyl iodide (86.6 mL, 1392 
mmol, 15 equiv) and heated to 40 °C using a reflux condenser under N2 pressure.  After 26 h, the solution 
was filtered and washed with benzene and diethyl ether.  The precipitate was recrystallized from hot 
ethanol.  The crystals were filtered and washed with diethyl ether to give methoxy indole salt 37 as 
reddish-brown crystals (28.7 g, 86.7 mmol, 93%). 
1
H NMR (400 MHz, d6-DMSO):  δ 7.81 (d, J = 9.2 Hz, 1H, H7), 7.46 (d, J = 2.4 Hz, 1H, H4), 7.13 (dd, J 
= 8.8, 4.6 Hz, 1H, H6), 3.92 (d, J = 0.8 Hz, 3H, H9), 3.84 (s, 3H, H12), 2.69 (d, J = 1.2 Hz, 3H, H10), 
1.50 (s, 6H, H11). 
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13
C NMR (100 MHz, d6-DMSO):  δ 193.2, 160.6, 143.7, 135.4, 116.2, 114.2, 109.3, 56.2, 53.8, 34.8, 
21.8, 13.9. 
HRMS-ESI (m/z):  [M+H-I]
+
 calcd for C13H18NO, 204.1388; found, 204.1380. 
EA:  calcd:  C 47.14, H 5.48, N 4.23, found:  C 46.97, H 5.45, N 4.19. 
MP:  234-236 °C. 
 
 
Synthesis of (±)-5'-methoxy-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indolin]-8-ol (38)
6
 
Methoxy indole salt 37 (2.00 g, 6.04 mmol, 1 equiv), nitrobenzaldehyde 7 (1.11 g, 6.04 mmol, 1 
equiv), and piperidine (1.2 mL, 12.1 mmol, 2 equiv) were dissolved in 66 mL absolute EtOH and heated 
to reflux.  After 2 h, the solution was cooled, filtered, the precipitate washed with small aliquots of cold 
EtOH, and allowed to dry to yield monohydroxy control 38 (2.11 g,  5.73 mmol, 95%) as a dark green 
powder. 
1
H NMR (400 MHz, d6-DMSO, HCl):  δ 8.57 (d, J = 2.4 Hz, 1H, H7), 8.36 (d, J = 16.4 Hz, 1H, H3), 7.90 
(d, J = 2.8 Hz, 1H, H4ʹ), 7.86 (d, J = 9.2 hz, 1H, H7ʹ), 7.81 (d, J = 16.4 Hz, 1H, H2), 7.54 (d, J = 2.4 Hz, 
1H, H5), 7.18 (dd, J = 9.2, 2.8 Hz, 1H, H6), 4.12 (s, 3H, H14), 3.89 (s, 3H, H13), 1.75 (s, 6H, H11 and H12). 
LRMS-FD (m/z):  [M]
+
 calcd for C20H20N2O5, 368.14; found, 368.2. 
HRMS-EI (m/z):  [M]
+
 calcd for C20H20N2O5, 368.13722; found, 368.13802. 
MP:  Decomposition above 260 ºC.  
 
 
Synthesis of (±)-5'-methoxy-8-[(2-bromo-2-methylpropionyl)oxy]-1',3',3'-trimethylspiro-6-nitro-[2H-1-
benzopyran-2,2'-indoline] (39)
6
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Monohydroxy control 38 (72.4 mg, 0.197 mmol, 1 equiv) was dissolved in 6.9 mL THF, Et3N (85 
μL, 0.61 mmol, 3.1 equiv) was added, and the solution cooled to 0 °C.  A solution of 2-bromo-2-
methylpropionyl bromide (73 μL, 0.59 mmol 3.0 equiv) in 1.0 mL THF was added dropwise via syringe 
to the cold solution.  The solution was allowed to stir while warming to room temperature.  After 5 h, the 
solution was concentrated in vacuo.  The crude product was purified by column chromatography eluting 
with 0.5% MeOH/CH2Cl2 followed by recrystallization from hot hexanes to yield α-bromo 
monofunctional control 39 as red crystals (47.8 mg, 0.0924 mmol, 47%). 
TLC (1% MeOH/CH2Cl2) Rf:  0.87 (UV). 
1
H NMR (400 MHz, CDCl3):  δ 7.97 (d, J = 2.8 Hz, 1H, H5), 7.91 (d, J = 2.4 Hz, 1H, H7), 6.97 (d, J = 
10.4 Hz, 1H, H3), 6.67 (m, 2H, H4’ and H5’), 6.41 (d, J = 9.2 Hz, 1H, H7’), 5.92 (d, J = 10.4 Hz, 1H, 
H2), 3.76 (s, 3H, H15), 2.62 (s, 3H, H16), 1.55 (s, 3H, H12a or b), 1.51 (s, 3H, H12a or b), 1.24 (s, 3H, 
H14), 1.20 (s, 3H, H13). 
13
C NMR (125 MHz, CDCl3):  δ 169.2, 154.7, 151.2, 142.0, 140.1, 137.9, 137.3, 128.5, 121.6, 120.6, 
119.8, 119.1, 111.8, 109.6, 108.5, 107.8, 56.4, 54.0, 52.2, 30.4, 30.2, 29.2, 25.9, 19.5. 
LRMS-FD (m/z):  [M]
+
 calcd for C24H25BrN2O6, 516.09; found, 516.1. 
EA:  calcd:  C 55.72, H 4.87, N 5.41, found:  C 55.76, H 4.85, N 5.40. 
MP:  165-168 °C. 
 
 
Synthesis of (±)-5'-methoxy-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-8-yl methacrylate 
(40)
10
 
 Monohydroxy control 38 (491 mg, 1.33 mmol, 1 equiv) and Et3N (0.22 mL, 1.60 mmol, 1.2 
equiv) were partially dissolved in 22 mL anhydrous THF and cooled to 0 °C.  A solution of methacryloyl 
chloride (0.14 mL, 1.47 mmol, 1.1 equiv) in 3.7 mL anhydrous THF was added dropwise by syringe.  
After stirring under N2 for 18 h while allowing the solution to warm to rt, the solution was diluted with 50 
mL diethyl ether, filtered, washed with diethyl ether, and the washings concentrated in vacuo.  The crude 
product was purified by column chromatography eluting with 1% MeOH/CH2Cl2 to yield 40 as a purple 
solid (206 mg, 0.472 mmol, 35%). 
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TLC (1% MeOH/CH2Cl2) Rf:  0.61 (UV). 
1
H NMR (400 MHz, C6D6):  δ 7.23 (d, J = 2.4 Hz, 1H, H7), 7.51 (d, J = 2.8 Hz, 1H, H5), 6.73 (d, J = 2.4 
Hz, 1H, H4'), 6.63 (dd, J = 8.4, 2.4 Hz, 1H, H6'), 6.28 (d, J = 8 Hz, 1H, H7'), 6.05 (d, J = 10.4 Hz, 1H, 
H3), 5.86 (m, 1H, H14a or b), 5.31 (d, J = 10.4 Hz, 1H, H2), 5.03 (m, 1H, H14a or b), 3.42 (s, 3H, H17), 
2.46 (s, 3H, H10), 1.58 (m, 3H, H13), 1.14 (s, 3H, H16), 0.96 (s, 3H, H15). 
HRMS (m/z):  [M]
+
 calcd for C24H24N2O6, 436.1634; found:  436.1634. 
MP:  214-215 °C. 
 
 
Synthesis of 5-hydroxy-1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indolium iodide (41)
10
 
 Hydroxy indole 2 (4.50 g, 25.7 mmol, 1 equiv) was dissolved in 2-iodoethanol (10 mL, 128 
mmol, 5 equiv), fitted with a reflux condenser, and placed in a preheated 120 °C oil bath under N2.  After 
heating for 2.5 h, the resulting viscous dark fluid was added dropwise to rapidly stirring EtOAc.  The 
resulting precipitate was filtered and washed with minimal EtOAc to yield dihydroxy indole salt 41 as a 
light brown powder (6.30 g, 18.1 mmol, 71%). 
1
H NMR (400 MHz, d6-DMSO):  δ 10.29 (s, 1H, H14), 7.72 (d, J = 8.8 Hz, 1H, H7), 7.15 (d, J = 2.4 Hz, 
1H, H4), 6.93 (dd, J = 8.8, 2.4 Hz, 1H, H6), 5.29 (br, 1H, H13), 4.50 (t, J = 5 Hz, 2H, H11 or H12), 3.84 
(t, J = 4.8 Hz, 2H, H11 or H12), 2.72 (s, 3H, H9), 1.49 (s, 6H, H10). 
13
C NMR (125 MHz, d6-DMSO):  δ 193.6, 159.0, 144.0, 133.1, 116.5, 115.1, 110.4, 57.9, 53.8, 50.2, 
22.2, 14.0. 
HRMS (m/z):  [M-H-I]
+
 calcd for C13H18NO2, 219.1259; found, 219.1257. 
EA:  calcd:  C 44.97, H 5.23, N 4.03, found:  C 45.01, H 5.18, N 4.00. 
MP:  172-174 °C. 
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Synthesis of 1'-(2-hydroxyethyl)-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-5'-ol (42)
10
 
 Dihydroxy indole salt 41 (1.50 g, 4.32 mmol, 1 equiv), 2-hydroxy-5-nitro-benzaldehyde (722 mg, 
4.32 mmol, 1 equiv), and piperidine (0.43 mL, 4.32 mmol, 1 equiv) were dissolved in 48 mL absolute 
EtOH and heated to reflux.  After 2 h, the solution was cooled, filtered, the precipitate washed with small 
aliquots of cold EtOH, and allowed to dry to yield dihydroxy control 42 (1.44 g, 3.91 mmol, 91%) as a 
dark green powder. 
1
H NMR (500 MHz, d6-DMSO, HCl):  δ 8.96 (d, J = 3 Hz, 1H, H5), 8.32 (d, J = 16.5 Hz, 1H, H3), 8.26 
(dd, J = 9, 2.5 Hz, 1H, H7), 7.92 (d, J = 17 Hz, 1H, H2), 7.78 (d, J = 9 Hz, 1H, H7ʹ), 7.39 (d, J = 9.5 Hz, 
1H, H8), 7.25 (d, J = 2.5 Hz, 1H, H4ʹ), 7.04 (dd, J = 9, 2.5 Hz, 1H, H6ʹ), 4.73 (t, J = 5 Hz, 2H, H13), 3.89 
(t, J = 5 Hz, 2H, H14), 1.75 (s, 6H, H10 and H11). 
13
C NMR (125 MHz, d6-DMSO, HCl):  δ 179.9, 163.8, 159.8, 146.2, 143.5, 140.1, 132.9, 128.6, 126.1, 
121.7, 117.2, 117.0, 115.9, 115.7, 109.8, 58.57, 51.99, 49.75, 26.19. 
LRMS-FD (m/z):  [M]
+
 calcd for C20H20N2O5, 368.14; found, 368.2. 
HRMS-EI (m/z):  [M]
+
 calcd for C20H20N2O5, 368.13722; found, 368.13836. 
MP:  Decomposition above 270 ºC. 
 
 
Synthesis of (±)-2-(5'-(2-bromo-2-methylpropanoyloxy)-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-
indoline]-1'-yl)ethyl 2-bromo-2-methylpropanoate (43)
10
 
 Dihydroxy control 42 (462 mg, 1.25 mmol, 1 equiv) and Et3N (0.53 mL, 3.77 mmol, 3.01 equiv) 
were partially dissolved in 25 mL anhydrous THF and cooled to 0 °C.  A solution of 2-bromo-2-
methylpropionyl bromide (0.47 mL, 3.76 mmol, 3 equiv) in 4.25 mL anhydrous THF was added dropwise 
by syringe.  After stirring under N2 for 19 h while allowing the solution to warm to rt, the solution was 
diluted with 30 mL diethyl ether, filtered, washed with diethyl ether, and the washings concentrated in 
vacuo.  The crude product was purified by column chromatography eluting with 1.5% MeOH/CH2Cl2 to 
yield crude 43 (512 mg, 0.768 mmol, 61%).  Recrystallization from benzene layered with hexanes yielded 
43 as yellow crystals (282 mg, 0.423 mmol, 34%). 
TLC (2% MeOH/CH2Cl2) Rf:  0.87 (UV). 
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1
H NMR (400 MHz, CDCl3):  δ 8.05 (dd, J = 9.2, 2.8 Hz, 1H, H7), 8.01 (d, J = 2.8 Hz, 1H, H5), 6.94 (m, 
2H, H3 and H6'), 6.86 (d, J = 2.8 Hz, 1H, H4'), 6.77 (d, J = 9.2 Hz, 1H, H8), 6.67 (d, J = 8.4 Hz, 1H, 
H7'), 5.98 (d, J = 10.4 Hz, 1H, H2), 4.30 (m, 2H, H11), 3.56 (m, 1H, H10), 3.43 (m, 1H, H10), 2.07 (s, 
6H, H19a,b), 1.90 (s, 3H, H14a or b), 1.89 (s, 3H, H14a or b), 1.26 (s, 3H, H16), 1.18 (s, 3H, H15). 
13
C NMR (125 MHz, CDCl3):  δ 171.9, 171.0, 159.3, 144.8, 144.6, 141.4, 137.3, 128.7, 128.5, 126.2, 
123.0, 121.8, 120.0, 118.5, 115.7, 115.5, 107.02, 106.97, 64.0, 55.7, 55.6, 53.0, 42.5, 30.99, 30.98, 30.87, 
25.8, 19.9. 
HRMS (m/z):  [M]
+
 calcd for C28H30Br2N2O7, 666.04200; found, 666.04108. 
EA:  calcd:  C 50.47, H 4.54, N 4.20, found:  C 50.43, H 4.41, N 4.14. 
MP:  130-131 °C. 
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2.7  Figures and Schemes 
 
Figure 2.1  Skeleton structures of the target mechanophores with red atoms indicating the points of 
attachment for subsequent polymer chains. 
 
 
Scheme 2.1  Synthesis of indole salt 3 
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Scheme 2.2  Original synthesis of nitrobenzaldehyde 7 
 
 
Scheme 2.3  Optimized synthesis of nitrobenzaldehyde 7 
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Scheme 2.4  Synthesis of SIM1 based mechanophores and byproducts produced during methacryloyl 
SIM1 11 production 
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Scheme 2.5  Synthesis of nitrobenzaldehyde 16 
 
 
Figure 2.2  X-ray crystal structure of 14 showing attachment of the two carbon alkyl chain at the 4 
position. 
 55 
 
 
Scheme 2.6  Synthesis of SIM2 based mechanophores 
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Scheme 2.7  Synthesis of unwanted nitrobenzaldehyde 24 
 
 
Figure 2.3  X-ray crystal structure of 23 showing attachment of alkyl chain para to the nitro group. 
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Scheme 2.8  Synthesis of SIM3 based mechanophore 
 
 
Figure 2.4  NMR spectra of the aromatic regions of 24 and 29 showing the differing chemical shifts. 
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Scheme 2.9  Synthesis of TIM1 based mechanophores 
 
 
Scheme 2.10  Synthesis of TIM2 and TIM3 based mechanophores 
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Scheme 2.11  Synthesis of monofunctional control spiropyrans 
 
 
Scheme 2.12  Synthesis of difunctional control spiropyrans 
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Figure 2.5  Structures of the ring closed product 44 obtained by the treatment of 41 with excess base and 
the result product when reacted with nitrobenzaldehyde. 
 
 
Figure 2.6  X-ray crystal structure of 43 confirming spiropyran formation. 
  
 61 
 
 
Figure 2.7  a) Truncated versions of 10 and 43 in which the minimal number of atoms needed to 
accurately simulate the spiropyrans are used.  The red circles indicate the atoms whose distance is held 
fixed during COGEF simulations.  b) Extended versions of 10 and 43.  c) DFT (- -) and PM3 (─) COGEF 
results for the truncated molecules.  d) DFT (- -) and PM3 (─) COGEF results for the extended molecules.  
a) b) 
c) d) 
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Figure 2.8  a) Truncated spiropyran showing the pulling sites and directions for t-10 (red) and t-43 
(blue).  b) Plot of spiro C-O bond distance vs. time for AISMD simulations of the truncated spiropyrans at 
2.0, 2.5, and 3.0 nN.  The inset molecule shows the opened t-10 after 300 fs at 2 nN.  The C-O bond 
distance continues to increase after the initial cleavage due to bond rotation and angle changes with the 
largest bond distance changes (> 5 Å) occuring as a result of further bond breakage.  c) Structure of the 
alternative cleavage pathway for e-10.  d) Structure e-43 after cleavage of the ester C-C bond. 
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Chapter 3 – Solution-Phase Testing§ 
 
3.1  Sonication Introduction 
 The use of ultrasound has emerged as a new method to study the behavior of homopolymers
1-3
 as 
well as mechanophore-linked polymers
4-12
 in solution under transient elongational flow.  While it does not 
fully replace previous methods involving turbulent
13
 or elongational flow,
14-29
 it does offer some 
advantages especially with respect to mechanophore testing.  Sonication produces higher strain rates 
which allow for lower molecular weight, more easily synthesized polymers to be examined.  Since most 
mechanophore testing to date involves polymers with a single, centered mechanophore per polymer chain, 
lower molecular weights allow the mass ratio of mechanophore to polymer chain to be increased.  The 
increased mechanophore density leads to higher concentrations of cleaved product during sonication 
which simplifies detection.  The apparatus required to perform sonication experiments is also much 
simpler in design than those required for previous methods.     
 The general consensus
2,30,31
 on the mechanism of polymer cleavage via sonication is that it is 
caused by solvodynamic shear produced by collapsing cavitation bubbles.  When a solvent is sonicated, 
the alternating high and lower areas of pressure can create small bubbles under the right conditions 
(Figure 3.1).  Once the bubbles have formed, the alternating pressure first compresses the bubbles and 
then allows them to expand.  Each time the bubble expands, it grows larger than it was during the 
previous expansion.  When the bubble reaches a critical size, it collapses and pulls solvent in toward the 
region of the collapsed bubble.  Cavitation is positively correlated with increasing ultrasound intensity,
32-
34
 but negative correlated with increasing solvent vapor pressure,
35-37
 temperature,
33,38-42
 and polymer 
concentration.
37,43-47
 
If a dissolved polymer chain is located within the moving solvent, the fluid flow imparts shear 
forces on the polymer chains causing them partially or fully uncoil followed by chain cleavage near the 
midpoint.  For homopolymers, cleavage occurs in a Gaussian distribution near the middle of the chain 
even in polymers that do not fully uncoil.
48
  The polymer cleavage rate is dependent on efficient 
cavitation, but is also affected by the initial molecular weight,
1,49,50
 the presence of weak bonds,
4,51
 
polymer conformation due to solvent,
30,52-57
 and polymer entanglement.
37
  As the initial molecular weight, 
number of weak bonds, or amount of polymer entanglements increase, the cleavage rate also increases.  
However, for higher molecular weights and large amounts of polymer entanglement, the increases in 
                                                     
§
 
§
 Some of the material contained within this chapter has previously been published in the following references: 
Potisek, S. L.; Davis, D. A.; Sottos, N. R.; White, S. R.; Moore, J. S. J. Am. Chem. Soc. 2007, 129, 13808. 
Potisek, S. Ph.D. dissertation, University of Illinois at Urbana-Champaign, 2008. 
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viscosity that occur can start to have a negative impact on bubble formation resulting in lower cleavage 
rates.   
Secondary effects must also be controlled taken into account such as the presence of reactive 
radicals.  The interior of the cavitation bubbles are purported to reach very high temperatures causing 
pyrolytic cleavage of small molecules within the bubble to generate radical byproducts (Figure 3.1c).  
Due to their low volatility, the polymer chains are not expected to enter the cavitation bubbles and 
experience these high temperatures or undergo direct pyrolytic cleavage.
58
  The presence of radicals must 
still be controlled for, since they can migrate back into the solution after bubble collapse. 
 
3.1.1  General Sonication Conditions 
The conditions under which sonication has been performed were selected based on the 
aforementioned parameters.  The conditions used for the new SP mechanophores match those used for 
previous mechanophores
4,5
 which aids in the direct comparison of the SP mechanophores’ reaction rates 
with previous ones.  Polymer concentrations were kept low (0.75 mg/mL) to allow for efficient cavitation 
and to remove chain entanglement as a mechanism for chain cleavage.  The solutions were cooled in an 
ice bath to remove sonication generated heat and to maintain a temperature of 6-9 °C throughout the 
experiment.  For the SP mechanophores, the lower temperatures were advantageous, since they also 
slowed the thermal reversion rate.  Sparging with argon before and during sonication excluded oxygen 
and ensured consistent cavitation. 
Slight modifications were necessary due to the light driven reversion of the spiropyrans.  The 
Suslick cell which contained the sonicating polymer solutions and the syringe used for aliquot removal 
were wrapped in aluminum foil to block ambient light.  The room lights were also dimmed to minimize 
stray light. 
 
3.2  General Polymer Synthesis 
 Monofunctional control 39, SIM1 10, SIM2 18, and TIM1 34 were incorporated into poly(methyl 
acrylate) (PMA) polymers via the copper catalyzed single electron living radical polymerization (SET-
LRP) technique.  A range of molecular weights (40 – 400 kDa) were obtained by controlling the starting 
ratios of initiator to monomer.  Only those polymers which had low polydispersity indexes (PDIs) were 
used for sonication experiments, since narrow PDIs were required for accurate information about the 
effect of molecular weight on activation rates to be determined. Polymers incorporating the TIM1 
mechanophore were limited in molecular weight to < 150 kDa due to problems with increasing PDI when 
attempts were made to make higher molecular weight polymers. 
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High PDIs could also be indicative of poor initiation or chain-chain coupling resulting in non-
centered mechanophores.  Ensuring that mechanophores are located near the center is vital for ensuring 
all mechanophores experience the same forces and that results are comparable.  The living radical 
polymerization utilized to synthesize these polymers should result in equal length polymer chains at each 
initiation site, but a method to confirm this was needed. 
Spiropyran location within the polymer chains was determined for two polymers (SIM1 and 
monofunctional control) by UV-assisted hydrolysis of the PMA polymers.
59
  The polymers were 
irradiated with UV light in acidic water/THF mixtures over several days to hydrolyze the benzopyran ring 
of the spiropyran.  After reprecipitation into MeOH and drying, GPC traces were taken and compared to 
GPC traces obtained for untreated polymers.  For the monofunctional control, no significant change in 
molecular weight was expected, since it was located at one end of the chain.  GPC traces before and after 
treatment show very little shift in molecular weight (Figure 3.2a).  For difunctional spiropyrans which are 
attached to two polymer chains, a halving of the molecular weight was expected upon spiropyran 
cleavage.  Complete cleavage was not seen, but a significant shift in molecular weight was seen with the 
peak molecular weight corresponding to half the original molecular weight (Figure 3.2b) which confirmed 
a centrally located mechanophore. 
 
3.3  UV and Thermal Characterization 
 Before sonication experiments could be performed, information on the absorption characteristics 
of the closed and open forms were needed.  In acetonitrile solutions under ambient light, the spiropyrans 
exist mainly in the closed (SP) form as evidenced by their minimal absorption in the visible region.  To 
obtain spectra of the open (MC) form, the solutions were irradiated with handheld UV lamps (254 or 365 
nm).  This photochromic response of the polymer solutions was used to confirm spiropyran presence and 
activity for all tested polymers.  In addition, for mechanically active samples, the UV-Vis spectra of the 
light and mechanically-activated mechanophores could be compared to confirm that these two pathways 
generated similar species.  Due to the thermal back reaction which spiropyrans undergo, the rate of fade 
for activated solutions also needed to be determined.  Since the solutions were held at 6-9 °C during 
sonication, thermal fading kinetics were obtained in the dark at 9 °C from UV-activated solutions. 
 
3.3.1  UV-Vis Absorption 
 Polymers were dissolved in acetonitrile at identical concentrations to those used for sonication 
(0.75 mg/mL) and irradiated with 254 nm (monofunctional control, difunctional control, SIM1, TIM1) or 
365 nm (SIM2) light.  Representative spectra are shown in Figure 3.3.
6,60
  Maximum absorbance between 
550 and 580 nm was usually obtained in 2 – 4 min with the solution taking on a pink or purple color.   
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This maximum absorbance does not necessarily represent activation of all the spiropyrans present 
in solution but a dynamic equilibrium between the two forms which comes about in the following way.  
The SP form absorbs exclusively in the UV region while the MC form absorbs in both the UV and visible 
regions.  Since the spiropyran exists mainly in the SP form before irradiation, almost all the absorbance in 
the UV region is due to the SP form.  During UV irradiation, as the concentration of the SP form 
decreases and the MC form increases, the amount of UV light absorbed by MC form also increases.  This 
absorbed UV light can drive the reversion of the MC form to the SP form just as visible light does.  
Eventually the forward and backward reaction rates are the same resulting in a dynamic equilibrium 
where further UV irradiation causes no changes in the spectrum.  In fact, long irradiation times cause 
irreversible degradation of the spiropyran resulting in lower maximum absorbances and permanent 
coloring of the solution as can be seen in the spectrum for SIM1 (Figure 3.3a).  This dynamic equilibrium 
also limits all measurements to relative changes in absorbance, since facile determination of extinction 
coefficients for the MC form is not possible.   
 
3.3.2  Thermal Fade of Activated SPs 
 Under ambient light, all polymer solutions fade to their original color within ~30 min, although 
some such as the monofunctional control fade faster than others. As with the simple absorbance spectra, 
polymer solutions were first irradiated with UV light to obtain the open MC form.  This was done while 
immersed in an ice bath to match the conditions present during sonication.  After maximum absorbance 
was reached, the sample was transferred to a cooled sample holder at 9 °C, and the absorbance at λmax was 
recorded over time (Figure 3.4).  The rate of reversion was determined using the first order rate law
61
 
(-dA/Dt = kobs A) in its logarithmic form: 
  
       
       
      
where A0 and At are the absorbance at λmax at 0 min and t min, respectively, Af equals the absorbance of 
the solution at λmax before irradiation, and kr is the observed rate constant for thermal reversion. 
 The three mechanophores were found to have vastly different thermal reversion rates (Figure 
3.5).  The calculated rate constants in increasing order were 2.5 x 10
-4
 min
-1
 for TIM1, 3.7 x 10
-3
 min
-1
 for 
SIM1 (as determined by Potisek),
60
 and 1.2 min
-1
 for SIM2.  The large thermal reversion rate for SIM2 
presented unique challenges to measurement, since significant fade occurred before the sample could 
even be loaded into the spectrometer.  SIM2 was initially thought to have a very slow reversion rate, since 
it had already faded to pre-irradiation absorbance levels by the time a measurement could be taken.  The 
use of a pre-cooled syringe to transfer the solution eventually allowed the true rate constant to be 
obtained. 
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In the treatment by Potisek of the sonication kinetics of SIM1, the effect of thermal reversion was 
not taken into account since kr was significantly less than the forward reaction.  The rate of thermal 
reversion for TIM1 was an order of magnitude lower than for SIM1.  Since SIM1 and TIM1 had similar 
activation rates, the effects of thermal reversion could also be ignored for TIM1. 
 
3.4  Sonication Kinetics 
 Sonication experiments on the monofunctional and difunctional controls by Potisek confirmed 
that they were not mechanically active (Figure 3.6).
6,60
  Their lack of reaction also indicated that thermally 
or radically induced reactions of the spiropyran were not occurring.  The high fade rate of SIM2 
precluded its use in sonication kinetics experiments, so no further sonication experiments were performed 
with it.  Stephanie Potisek et al. had previously reported on the mechanical activation of SIM1 and 
showed that the absorbance spectra of UV and mechanically-activated solutions were similar.  Using a 
range of molecular weights (40 – 400 kDa), the relationship between the rate of activation and molecular 
weight was determined, and this data was compared to TIM1.
60
 
Solutions of polymerized TIM1 (38, 88, 129 kDa) in acetonitrile (0.75 mg/mL) were sonicated 
(pulse mode, 0.5 s on, 1.0 s off, 8.75 W/cm
2
) under Ar at 6 – 9 °C in an aluminum foil wrapped Suslick 
cell.  Aliquots of ~100 µL were taken at timed intervals, and their absorbance spectra measured at 9 °C.  
Corrections were applied to account for the increase in background that occurs over time due to 
background reactions of the solvent (Section 3.4.5.3).
60
  A representative absorbance curve over time is 
shown in Figure 3.7.  As with SIM1, the kinetics were modeled by a single-exponential rise equation 
               
      
where B is the amplitude or absorbance at t = ∞, t is true sonication time (which is equal to 1/3 the actual 
time due to the pulsed nature of the sonication), and kf is the rate constant for ring opening.  The data was 
fit using a two parameter exponential rise curve fitting algorithm in KaleidaGraph which gave values for 
B and k.  The rate constants versus molecular weight for SIM1 and TIM1 were plotted (Figure 3.8), and 
the dependence of rate on molecular weight between the two mechanophores was compared. 
 Both mechanophores showed a roughly linear increase in activation rate with increasing 
molecular weight.  Lines of best fit for both mechanophores had the same slope with only minor 
variations in the threshold molecular weights, 36 vs. 37 kDa, for SIM1 and TIM1, respectively.  From the 
preliminary computational results (Section 2.4.2), TIM1 was predicted to require less force for cleavage 
than SIM1 by 0.5 nN.  However, sonication does not appear to be a sensitive enough technique to allow 
for the detection of such small differences experimentally. 
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3.5  Conclusions 
 The properties of the newly synthesized and polymerized mechanophores, SIM2 and TIM1, were 
examined in solution and compared to SIM1.  SIM2 proved untenable for solution experiments due to its 
high thermal reversion rates.  TIM1 did not suffer from this problem, but sonication kinetics did not show 
any differences when compared to the original SIM1 mechanophore.  Since the differences in rate were 
expected to be small, it is unsurprising that these experiments detected no difference.  Future testing with 
other spiropyran-based mechanophores with larger differences in the minimal force required for bond 
cleavage will reveal whether sonication is sensitive enough to discriminate nN forces.  It may be the case 
that other factors overwhelm the minute differences to such a degree that only the simplest information of 
reactivity and rate will accessible by sonication experiments. 
 
3.6  Detailed Procedures 
3.6.1  General 
Unless otherwise stated, all starting materials and reagents were obtained from commercial 
suppliers and used without further purification.  Spectrophotometric grade acetonitrile was purchased 
from Aldrich.  Cu(0) powder (99%, 1-5 m) was purchased from Aldrich.  Me6TREN was synthesized 
following a literature procedure and distilled before use.
62
  Methyl acrylate was filtered through a plug of 
basic alumina just before use to remove the inhibitor.  All reactions were performed under N2 unless 
otherwise specified and all glassware was oven dried before use.  Thermal fading studies on SIM1 and 
sonication experiments on SIM1,
6
 monofunctional control,
6
 and difunctional control
60
 were performed by 
Stephanie Potisek. 
Analytical gel permeation chromatography (GPC) analyses were performed with a Waters 515 
HPLC pump, a Viscotek TDA Model 300 triple detector array, a Thermoseparations Trace Series AS100 
autosampler, and series of three Viscotek Viscogel columns (7.8 X 300 mm, 2 x GMHHRM17392 and 
1 x GMHHRH17360) in tetrahydrofuran at 30 °C.  The GPC was calibrated with monodisperse 
polystyrene standards.  Preparatory gel permeation chromatography (prep GPC) analyses were performed 
with a Waters 515 HPLC pump, a Waters 2487 UV detector, a 410 Differential Diffractometer, and a 
series of three Waters colunms (19 x 300 mm, Ultrastyragel 10
4
 Å THF, 10
2 
Å THF, 500 Å THF) in THF 
(99.9%+, HPLC grade), inhibitor free. 
 Ultrasound experiments were performed on a Vibra Cell 505 liquid processor with a 1/2” 
diameter replaceable tip titanium probe or solid probe from Sonics and Materials.  The distance between 
the titanium tip and bottom of the Suslick
63
 cell was 1 cm.  The Suslick cells were made by the School of 
Chemical Sciences’ Glass Shop at the University of Illinois.   
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UV experiments were performed using a Shimadzu UV-2401PC equipped with a temperature 
controlled cell holder.  The temperature was set to 8 °C for the ultrasound experiments or thermal fading 
experiments and 25 °C for simple absorbance measurements.  Quartz cells with a path length of 1 cm, and 
volume of 1.5 mL or 0.1 mL were used.  UV irradiation of samples was performed with a Model UVG-11 
Mineralight lamp (short wave UV – 254 nm, 115 V, 60 Hz, 0.16 amps) or Spectroline Model EN-140L 
lamp (long wave UV – 265 nm, 115 V, 60 Hz, 0.20 amps).  
 
3.6.2  Representative Polymer Synthesis 
A freshly opened bottle of ACS grade DMSO from Fischer Scientific was degassed and purged 
with Ar for 30 min immediately prior to using it for polymerization.  SIM1 10 (73.1 mg, 0.112 mmol, 1 
equiv), Cu(0) (28.4 mg, 0..447 mmol, 3.99 equiv), and Me6TREN (104.7 mg, 0.454 mmol, 4.06 equiv) 
were weighed into aluminum weigh boats using a microbalance and were added to a Schlenk flask 
equipped with a Teflon stir bar.  Methyl acrylate (10 mL, 111 mmol, 991 equiv) and DMSO (10.0 mL) 
were then added to the Schlenk flask (a small amount of the monomer and solvent were used to wash 
residual initiator and ligand from the weigh boats into the reaction flask).  The flask was sealed, the head 
space evacuated, and the reaction was submitted to three freeze-pump-thaw cycles.  The Schlenk flask 
was then backfilled with Ar and stirred at rt in a water bath.  Aliquots were periodically withdrawn, 
dissolved in CDCl3, and the 
1
H NMR spectrum acquired to determine reaction conversion.  Upon 
completion of the reaction (87% conversion, 1.5 h), the flask was opened to air and THF (100 mL) was 
added to the viscous solution.  The reaction was filtered through a silica pad to remove Cu(0) and 
precipitated into stirring MeOH in a Teflon beaker.  The MeOH was decanted and the polymer was 
washed 3 times by adding fresh MeOH, stirring for 30 min, and decanting the solvent.  The polymer was 
collected and dried under vacuum.  The Mn and Mw/Mn values were determined by analytical GPC with 
polystyrene standards.  Mn = 75.1 kDa, Mw/Mn = 1.34. 
NOTE:  While copper powder was used for most polymerizations, simple copper wire could also be used 
and had the advantage of easier removal at the end of polymerization.
64
  Before use, the copper wire was 
cleaned with fine grit sandpaper (600 grit) to remove any coatings or surface oxidation and washed with 
acetone. 
 
3.6.2.1 Representative Procedure for Confirming Mechanophore Location 
 Stafforst et al. had previously demonstrated the acid/UV promoted hydrolysis of amino acid 
functionalized spiropyrans using trifluoroacetic acid and characterized the resulting products by mass 
spectrometry.
59
  The conditions were modified to account for the difference in solubility of the PMA 
functionalized spiropyrans used herein.  In a 7 mL vial containing a small stir bar, SIM1-containing PMA 
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polymer (100 mg, Mn = 170 kDa) was dissolved in 1.0 mL of THF.  1M HCl (0.1 mL) was added, and the 
solution sealed tightly.  The solution was then stirred under continuous illumination by a 254 nm UV 
lamp.  After 3 days, the solution was precipitated into MeOH in a Teflon beaker, washed with MeOH, 
dried under high vacuum, and subjected to GPC analysis. 
 
3.6.3  UV and Thermal Characterization 
 For polymerized SIM1, TIM1, monofunctional control, and difunctional control, a 0.75 mg/mL 
solution of polymer in acetonitrile was placed in a quartz cuvette with a 1 cm path length and irradiated 
with UV light (254 nm) for 2 – 5 min until a maximum absorbance was reached.  The sample was placed 
into a temperature controlled cell holder at 25 °C for simple UV-Vis spectra or at 8 °C for thermal fading 
studies.  For thermal fading studies, spectra were obtained at timed intervals with the sample remaining in 
the dark.  The absorbance at λmax was used to calculate the first order rate constant.  The λmax for SIM1 
was 554 nm, and for TIM1, it was 560 nm. 
For studies on polymerized SIM2, the concentration of the acetonitrile solutions was increased to 
3.5 mg/mL to ensure adequate signal.  A solution of SIM2 in a sealed scintillation vial was placed in an 
ice bath and irradiated with UV light (365 nm) for 2 min.  The solution was transferred using a pre-cooled 
plastic syringe to a pre-cooled (8 °C) cuvette inside the spectrometer.  Spectra were obtained every 30 s 
for 10 min while the sample remained in the dark.  The pre-cooled syringe was prepared by filling with 
dry nitrogen, capping with a silicone stopper to prevent condensation of water inside the syringe, and 
placing in the freezer for 20 min.  The syringe was removed from the freezer immediately before use.  
The absorbance at 554 nm was used to calculate the first order rate constant. 
  
3.6.4  Sonication 
3.6.4.1  Set-up and Calibration of the Ultrasound Apparatus 
 For each ultrasound experiment, the generator, transducer, and probe were assembled as shown in 
Figure 3.9.  Each reaction took place in a Suslick cell (a flat-bottomed, glass vessel containing three side 
arms) that was inserted into a collar, and screwed onto the transducer. 
 Calorimetry was used to calibrate the ultrasonic intensity produced by the probe.  A small dewar 
was filled with exactly 250 mL of Millipore water and the probe was submerged approximately ½” into 
the water.  The exact height was marked for reproducibility.  A thermocouple was then introduced into 
the water and the temp was allowed to stabilize.  The amplitude on the processor was set to 21%, the 
initial temp was recorded, and sonication was started.  The temp of the water was recorded every 15 s for 
3 min, and these values were plotted against time to determine temp/  time by the slope of the line.  
This procedure was repeated for amplitudes of 30, 40, 50, 60, 70, and 80%. 
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 The heat due to cavitation in J/s, or W, was determined from the following eqn: 
  
        
     
 
where c = specific heat (Jg
-1
 °C), m = mass (g), and  temp /  time have of units °C/s.  The values used 
were c = specific heat of water = 4.179 Jg
-1
 °C
-1
, the mass of water = 250 g, and   temp / time = the 
slope of the line.  The resulting value, q, was divided by the surface area of the horn tip (1.27 cm
2
 for a 5” 
tip) to find W/cm
2
.  Finally, the power produced was plotted against the percentage of amplitude to 
generate the calibration curves. 
 
3.6.4.2  Sonication of Spiropyran-Functionalized PMA 
 A 0.75 mg/mL CH3CN solution of the polymer was placed in an oven-dried Suslick cell that was 
inserted into a collar, and screwed onto the transducer.  The sample cell was wrapped in aluminum foil to 
block ambient light.  A thermocouple and an Ar line were threaded through septa on two of the Suslick 
cell side arms and placed in contact with the solution, ensuring that they did not touch the probe.  The 
third side arm of the cell was sealed with a plastic screw cap.  Ar was bubbled through the solution for 30 
min prior to each experiment as well as during the experiment.  The entire system was cooled in an ice 
water bath to maintain a temp of 6-9 °C throughout sonication.  The solution was exposed to pulsed 
ultrasound (0.5 s on, 1.0 s off, 20 kHz, 8.7 W/cm
2
).   
Before sonication, an aliquot was removed and the UV spectrum (700 nm – 200 nm) acquired at 
8 °C to keep the solution cold.  The aliquot was then returned to the Suslick cell.  The sample was 
submitted to pulsed sonication for up to 10 h under Ar, with aliquots being removed via a foil covered 
syringe without replacement at regular intervals, and their UV-Vis spectra acquired.  The aliquots were 
~100 µL in size with the intervals between aliquots dependent on the length of the sonication run. 
 
3.6.4.3  Background Reaction Correction 
 PMA homopolymer (63 kDa) was used to determine the background reaction rate.  A 0.75 
mg/mL solution of the homopolymer was prepared in a similar manner to the spiropyran containing 
polymers and subjected to sonication under the same conditions.  100 µL aliquots were taken every 5 min 
for the first 30 min and every 15 min thereafter, and a full UV-vis spectrum was obtained.  Sonication 
was stopped after 105 min.  The absorbance at 560 nm was measured, and a linear fit to the data was 
found (Figure 3.10). 
                           
The absorbance values at time t for this equation were subtracted from the raw absorbance values at time t 
of the sonicated TIM1 polymer before curve fitting.  Corrections were most significant at the long 
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sonication times required for 38 kDa polymer.  When spectra for sonication experiments involving SIM2 
were corrected for the background reaction, no overall change could be seen. 
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3.7  Figures 
 
 
Figure 3.1
65
  Mechanism for ultrasound-induced polymer chain scission: a) gradual bubble formation 
results from pressure variations induced by the acoustic ﬁeld;  b) rapid bubble collapse generates 
solvodynamic shear;  c) small molecules undergo pyrolytic cleavage to form radical byproducts upon 
bubble collapse, while polymer chains do not undergo pyrolytic cleavage because they do not penetrate 
the bubble interface.
58
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Figure 3.2  GPC traces of PMA polymers subjected to aqueous acid cleavage conditions.  a)  
Monofunctional control polymer shows only a small shift in the peak molecular weight from 194 to 180 
kDa.  b) Polymerized SIM1 shows a significant shift in peak molecular weight from 220 to 129 kDa.  
Polymer cleavage is incomplete and a high molecular weight shoulder is present. 
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Figure 3.3  Visible spectra of SIM1 (a), SIM2 (b), TIM1 (c), monofunctional (d), and difunctional (e) 
polymers in both closed (blue) and open (red) forms.  Spectra of open forms were obtained by UV 
irradiation with 254 nm (a, c-e) or 365 nm (b) light.  When SIM1 (a) was bleached with visible light and 
subjected to UV irradiation for a second time, the resulting visible spectrum showed reduced absorption at 
λmax and changes in peak shape between 325 and 425 nm, possibly due to spiropyran degradation. 
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Figure 3.4  a) Thermal reversion of SIM2 at 8 °C after UV activation with 365 nm light.  b) Absorbance 
of SIM2 at 554 nm over time showing rapid thermal reversion to negligible absorbance levels after 200 s. 
 
 
Figure 3.5  Representative thermal reversion rates of SIM1, SIM2, and TIM1 as calculated using first 
order kinetics.  The slopes of the lines are equal to kr.  
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Figure 3.6  Sonication of a) monofunctional
6
 and b) difunctional
60
 controls showed no changes in UV 
absorption except those attributable to the background reaction of acetonitrile (Section 3.6.4.2).  
Sonication times represent the actual time during which the sonicator was running which are equal to 1/3 
the total time. 
 
 
Figure 3.7  Representative curve for the sonication of TIM1 (129 kDa) monitored at 560 nm and 
corrected for the background reaction.  The black line represents a fit of the data to an exponential rise 
function.  Sonication times represent the actual time during which the sonicator was running which are 
equal to 1/3 the total time. 
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Figure 3.8  Comparison of the molecular weight dependence of mechanochemical activation by 
sonication for SIM1 and TIM1.  The two mechanophores have the same dependence within experimental 
error. 
 
 
Figure 3.9  Setup used for sonication experiments.  The ice bath used for cooling and aluminum foil used 
to block ambient light are not shown. 
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Figure 3.10  a)  UV absorbance of a sonicated homopolymer (63 kDa) solution.  b)  Plot of absorbance at 
560 nm vs. time.  The equation obtained by a linear fit to the data was used to correct spectra obtained 
during sonication. 
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Chapter 4 – Solid-State Testing‡‡ 
 
4.1  Introduction 
 The primary goal for the spiropyran mechanophores was to demonstrate mechanochemical 
cleavage of a covalent bond in a solid polymer.  A previous attempt by Dr. Joseph Rule
1
 to demonstrate 
mechanophore activity in bulk polymer utilized a putative enediyne mechanophore as a cross-linker in 
monomer-swelled poly(methyl methacrylate) (PMMA) beads.  Upon compression of the beads, the 
enediyne was expected to undergo a Bergman cyclization to become fluorescent as well as to generate a 
biradical which could then initiate a radical polymerization of the monomer in the swelled bead (Figure 
4.1).  This project was unsuccessful and plagued with difficulty in separating spurious signals from those 
potentially generated by mechanical force.  It did serve, however, to highlight the need for a simple, direct 
and reliable method for detecting mechanochemical reactions in bulk polymers.  Spiropyrans seemed 
uniquely suited for this purpose, since mechanochemical activation would yield visible changes in the 
polymer that could be detected with the naked eye or UV-Vis spectrometer as well as displaying 
increased fluorescence. 
A secondary goal was to investigate the use of these mechanophores as stress/strain or damage 
sensors.  Since plastics are ubiquitous in everyday life, the ability to easily sense both the location and 
amount of damage would be useful in determining when a product has reached the end of its life or is 
likely to undergo failure.  This is especially true for advanced fiber composite materials which are 
increasingly being used for products encountered by the public such as the Boeing 787 Dreamliner.  The 
ability to incorporate a simple damage sensor directly into the polymer matrix would potentially keep 
costs low and make their use widespread.  While the initial goal was to be able to identify local areas of 
damage above a certain threshold, it was hoped different levels of damage might be sensed through the 
use of multiple mechanophores which activated at different levels (SIM1, SIM2, etc.) or by using a more 
complex mechanophore with multiple mechanically active units. 
Finally, since a mechanophore of this type had yet to be demonstrated in a solid polymer, it was 
hoped that the spiropyran mechanophores could be used to map the parameters of stress and strain 
required for mechanical activation.  This required testing methods where these parameters were well-
                                                     
‡‡
 Some of the material contained within this chapter has previously been published in the following 
reference: 
Davis, D. A.; Hamilton, A.; Yang, J.; Cremar, L. D.; Van Gough, D.; Potisek, S. L.; Ong, M. T.; Braun, 
P. V.; Martinez, T. J.; White, S. R.; Moore, J. S.; Sottos, N. R. Nature 2009, 459, 68. 
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characterized in order to accurately correlate them to activation.  Knowledge of these parameters would 
be especially useful in the future when attempting to utilize mechanophores which are not self-signaling.  
It was not known if mechanical activation in the solid state would even be possible, so solution 
studies were planned to confirm spiropyran mechanophore activity before mechanical testing was 
attempted.  Activity was confirmed serendipitously when a sample of PMA polymerized SIM1 was 
removed from a larger piece of bulk polymer so it could be sonicated.  An unexpected and vivid pink 
color appeared at the site of tearing which gave confirmation of mechanical activity before the first 
solution study could even be started.  The color change was found to be reversible and matched the color 
obtained by UV irradiation. 
 Once simple mechanical activation was demonstrated in bulk samples, methods to reliably 
activate, quantify, and correlate activation to areas of stress or strain were needed.  Control molecules 
were again needed to confirm that localized heating or radical generation from chain cleavage were not 
the sources of color change.
2
  In conjunction with members of the Sottos, White, and Braun groups,
3
 two 
sample geometries were selected for initial experiments and procedures for testing these samples were 
developed.  The two sample geometries, dogbones and spheres, utilized different acrylate polymers with 
vastly different mechanical properties.  Linear PMA made by SET-LRP is an elastomeric polymer with a 
glass transition temperature (Tg) below room temperatures (~10 °C) and was used for dogbone samples.    
Cross-linked PMMA is a glassy polymer with a Tg well above room temperature and was used for 
spherical samples.  While the activation of the SP mechanophore had already been demonstrated in soft 
PMA polymer, it was not readily apparently that it would work in high Tg polymers due to decreased 
molecular mobility. 
 
4.2  Sample Geometries 
 The selection of suitable sample geometry was influenced by the type of test being run (tensile, 
compression, etc.) and the ability to generate the desired shapes with the chosen polymer.  Linear 
polymers can be polymerized in-situ to achieve the desired shape or modified after the fact by 
compression molding, die cutting, or machining.  Fully cross-linked polymers are more limited, since 
they cannot be compression molded after cross-linking is complete.  However, they can be polymerized in 
the desired shape or die cut/machined from a larger block of material after polymerization is complete. 
 
4.2.1  Dogbones 
 Dogbone-shaped samples were used for tensile testing of linear PMA polymers.  The dogbone 
shape is commonly used for tensile testing and is available in standard sizes for the testing of plastics 
(ASTM 638 Type I-V)
4
 and thermoplastic elastomers (ASTM 412 Type A-F).
5
  However, due to the 
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extreme strains (> 1000%) encountered with PMA and the amount of material required to make a sample, 
a custom dogbone shape was used which possessed a shorter gauge length (5 mm) and width (2 mm) than 
those found in the preceding standards (Figure 4.2). 
 The linear PMA polymers were synthesized by the SET-LRP method (Section 3.5.2) using 
methyl bromopropionate, SIM1 10, monofunctional control 39, or difunctional control 43 as initiators.  
The polymers were then compression molded into the desired shape at slightly elevated temperatures 
(54 °C) and 100 psi.  Excess material around the edges of the sample was removed using a dogbone 
shaped punch (Figure 4.3) after the polymer had first been cooled to 5 °C.  Any thermally or 
mechanically induced color during processing was reversed using a bright halogen light. 
 To confirm the presence and activity of all the spiropyrans after processing, the dogbones were 
subjected to heat (10 min @ 50 °C) or UV irradiation (10 min @ 365 nm).  All samples showed a 
reversible color change via UV light (Figure 4.4).  PMA containing SIM1 10 or monofunctional control 
39 also showed reversible thermal activity.  The difunctional control 43 polymer was not thermally active 
at 50 °C, and higher temperatures were not utilized due to melting of the polymer. 
 
4.2.2  Beads 
 Small cross-linked PMMA beads (100-500 micron) incorporating methacrylate functionalized 
spiropyrans were used for compression testing.  Spherical samples were especially useful because the 
three-dimensional stresses in an elastic sphere under compression were easily modeled.
6,7
 These predicted 
stresses could then be correlated to the color and fluorescence changes seen in the mechanophore 
containing beads to help elucidate activation parameters. 
 The 0.18 mole% cross-linked PMMA beads were made by suspension polymerization using an 
aqueous mixture of 0.3 wt% PVA and pH 7 phosphate buffer solution as the suspending medium.
1
  SIM1 
11 serves as its own cross-linker.  Ethylene glycol dimethacrylate (EGDMA) was used for the beads 
containing monofunctional control 40, since the spiropyran is incorporated only as a pendant group on the 
main polymer chain.  Any residual color was bleached by with a halogen lamp over 24 h.  The time 
required to bleach the samples could be reduced to 2.5 h if the beads were heated to 90 °C during the 
bleaching process. 
 
4.3  Linear PMA 
 The PMA dogbones were tested monotonically or cyclically in collaboration with Andrew 
Hamilton under displacement control on a rail frame while the applied stress was monitored with a load 
cell.  In monotonic tests, the samples were stretched at a constant strain rate (1.5 mm/s) until failure 
occurred.  As seen in Figure 4.5, all three samples had a light yellow color before deformation.  After 
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failure, a vivid red color appeared in the gauge of the sample containing SIM1 10 which matched the 
color obtained thermally or by UV irradiation.  The remaining two samples showed no change after 
mechanical deformation indicating that the color change of the active sample was likely due to a 
mechanically induced reaction.  The color of the activated sample faded over several hours due to visible 
light driven reversion.  If a bright halogen lamp source was used, the color faded in < 60 s. 
 Dogbones of active and monofunctional control were also subjected to cyclic loading in which 
increasing levels of strain were applied with each cycle (Figure 4.6a).  Images of the samples were 
acquired before, during, and after testing, and the increase in color of the gauge section monitored by 
RGB (red, green, blue) color analysis.  In RGB color analysis, the intensity of each color channel was 
compared to the total intensity of all channels.  The green channel of the camera used for analysis had a 
maximum in sensitivity near the λmax of the spiropyrans and was used as a simple measure of the amount 
of green light being absorbed by the open MC form. 
As the active polymer accumulated plastic strain, the sample became redder in color (Figure 
4.6a).  Comparison of the active sample with the monofunctional control after failure (> 1000% strain) 
again shows color change only in the active sample.  The change in green intensity versus accumulated 
strain (Figure 4.6b) showed a linear reduction (corresponding to higher absorption of green light) with 
increasing strain for the active sample while the monofunctional control showed no change.  The lack of 
color in the control sample was further evidence that mechanical activation was occurring, and that any 
effects from deformation induced heating were minimal. 
 
4.4  Cross-linked PMMA 
 The setup used by Dr. Jinglei Yang for bead compression can be seen in Figure 4.7.  As the beads 
were compressed at a rate of 1 to 25 µm/s, compressive forces were developed parallel to the loading 
direction while tensile forces developed near the equator perpendicular to the applied force.  The active 
beads showed a circle of purple color (Figure 4.8a) which first appeared in the center and increased in 
intensity and size with increasing compression.  Control beads subjected to the same conditions showed 
no color change (Figure 4.8b).  A similar trend was seen in fluorescence images of compressed beads 
obtained by Dara Van Gough (Figure 4.8a and 4.8b bottom).  The active and control beads had similar 
stress-strain curves, and showed no change in green intensity by RGB analysis up to the yield point 
(Figure 4.9).  However, at the yield point, the green intensity of the active sample started to decrease with 
increasing strain while the monofunctional control remained constant.  
 The elastic model of a sphere (Figure 4.10 inset) can be used to predict the intensity of tensile 
stress in the equatorial plane (Figure 4.10).  These predicted stresses can be compared to the actual 
fluorescence intensities obtained by confocal fluorescence microscopy of the corresponding region of the 
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PMMA bead.  The model predicts a bell-shaped curve for stress centered on the middle of the bead, and 
the fluorescence intensity profile roughly follows this curve.  Before deformation, the beads exhibited a 
fluorescent halo at the surface of the bead which remained even after deformation.  It is unknown why 
this region cannot be bleached, but it may be due to residual stresses present at the surface or oxidation of 
the mechanophore.  PMMA beads which did not contain spiropyran did not show the fluorescent halo. 
 A second test by Dr. Yang examined the effect of strain rate on the threshold stress and threshold 
strain (Figure 4.11), defined as the point at which color first appears, of active PMMA beads.  The yield 
stress and threshold both increased with increasing strain rate from 35 MPa to 47 MPa.  In contrast, the 
threshold strain remained constant at ~18% for all strain rates.  This suggested that mechanophore 
activation was a strain-activated rate process
8
 rather than stress activated. 
 These tests demonstrated the ability to induce mechanochemical reactions even in stiff, glassy 
polymers and their correlation with calculated stress/strain fields.  They also revealed an interesting effect 
of polymer stiffness on the thermal and photo reversion of the SP.  While activated PMA samples 
required only 6 hours of ambient light to revert fully, PMMA samples displayed stable color for weeks 
and even longer in the absence of light.  This suggested that in stiff polymers, where full recovery after 
deformation did not occur, the residual strains resulted in a shift of the equilibrium toward the open form.  
 
4.5  Conclusions 
 Mechanical activation of SIM1-based mechanophores in both elastomeric and glassy polymers 
was successfully demonstrated.  Activation was found to be localized to areas of high stress and strain, 
and higher levels of color and fluorescence were positively correlated with the forces predicted by 
theoretical models.  Experiments with varying strain rates suggest that mechanical activation is a strain-
activated rate process.  Extensive testing of other mechanophores was not undertaken due to difficulties in 
synthesizing the required functionalized spiropyrans.  However, the PMA functionalized SIM2 and TIM1 
discussed in Chapter 3 were mechanically active during informal testing of bulk materials. 
 
4.6  Detailed Procedures 
4.6.1  General Procedures 
Materials:  Unless otherwise stated, all starting materials and reagents were obtained from commercial 
suppliers and used without further purification.   Benzoyl peroxide (BPO) was reprecipitated from 
acetone using water and dried under vacuum.  N,N-dimethylaniline  (DMA) was distilled under reduced 
pressure from zinc metal.  Dry THF was obtained from an Anhydrous Engineering Solvent Delivery 
System (SDS) equipped with activated alumina columns.  Methyl acrylate and methyl methacrylate 
monomers were filtered through plugs of basic alumina just before use to remove the inhibitor.  All 
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reactions were performed under N2 atmosphere unless otherwise specified, and all glassware was flame 
dried under vacuum before use. 
  
Characterization:  Gel permeation chromatography (GPC) measurements were performed in THF at 30 °C 
with a Waters 600 HPLC pump, Viscotek TDA model 300 triple detector, and a series of four Viscogel 
7.8 × 300 mm columns (3 x I-MBHMW-3078 + 1 x I-MBMMW-3078) at a flow rate of 1.0 mL/min.  The 
GPC was calibrated with monodisperse polystyrene standards, and all molecular weight data are reported 
as polystyrene equivalents.  
  
Mechanical Testing and Imaging:  Loads for all experiments were determined using a 22 N capacity 
Futek LSB200 load cell via a panel meter (Omega Engineering Inc., DP25B-S-A), DAQ card (National 
Instruments), and Labview software from National Instruments.  PMA tensile samples were loaded on a 
screw-driven load frame.  Images during deformation were captured using a QImaging Micropublisher 
3.3 RTV color CCD camera controlled by the same Labview program used for loading.  Images after 
failure were captured using an Epson Perfection 1640SU flatbed scanner. A stepper actuator (Physik  
Insturmente M-230S) attached to the testing apparatus and controlled via  a Labview computer interface 
was used for PMMA bead compression. Optical images were captured using a Basler A631fc color CCD 
camera and a Nikon SMZ-2T stereo microscope.  A Confocal Scanning Laser Microscope (CLSM, Leica 
SP2) in fluorescence mode exciting with 543 nm laser light and collecting between 570 and 650 nm was 
used to obtain fluorescence images.  Mechanical testing of PMA was done in conjunction with Andrew 
Hamilton.  Mechanical testing of cross-linked PMMA was performed by Dr. Jinglei Yang.  UV-Vis and 
fluorescence imaging of PMA dogbones and PMMA beads was done in conjunction with Dara Van 
Gough. 
 
4.6.2  PMA Dogbones 
 
4.6.2.1  Polymer Synthesis and Properties 
All PMA polymers were prepared by SET-LRP (Section 3.5.2), and molecular weights of the 
polymers used for testing were determined using by analytical GPC.  
SP-linked PMA (10):  Mn = 75 kDa, Mw = 101 kDa, PDI = 1.3  
Monofunctional Control (39):  Mn = 53 kDa, Mw = 73 kDa, PDI = 1.4  
Difunctional Control (43):  Mn = 77 kDa, Mw = 101 kDa, PDI = 1.3  
Plain PMA:  Mn = 67 kDa, Mw = 123 kDa, PDI = 1.8 
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4.6.2.2  Compression Molding 
The spiropyran functionalized PMA was compression molded into nonstandard dogbone shaped 
tensile samples.  Sample dimensions are shown schematically in Figure 4.2.  The material was pressed in 
an aluminum mold at 54 °C under 100 psi for five minutes, and then cooled to room temperature while 
holding the pressure at 100 psi for an additional five minutes.  Flashing was removed from the edge of the 
samples using a dogbone shaped punch which matched the dimensions of the molded specimen (Figure 
4.3).  Cooling the samples to 5 °C while clamped in the punching apparatus facilitated punching.  Any 
thermally or mechanically induced ring-opening of the mechanophore during processing was reversed by 
illumination with intense white light. 
 
4.6.3  Cross-linked PMMA beads 
 The beads were synthesized using a modified version of a suspension developed by Dr. Joseph 
Rule.
1
 
 
4.6.3.1  Active 
A 0.3 wt% aq solution of PVA (20 mL, Air Vol 523, 85-124 kDa, 89% hydrolyzed), 2 mL of pH 
7 phosphate buffer, and an egg-shaped stir bar were placed into a 50 mL round-bottomed flask under Ar.  
The PVA solution was sparged with Ar for 1 h.  Inhibitor free MMA was also sparged with Ar for 1 h.  
Benzoyl peroxide (5.0 mg, 0.021 mmol, 1.2 equiv) and SP cross-linker 11 (8.32 mg, 0.0170 mmol, 1 
equiv) were dissolved in MMA (1 mL, 9.39 mmol, 556 equiv) under Ar.  N,N-dimethylaniline (1.1 µL, 
0.0087 mmol, 0.5 equiv) was added to the MMA solution, and the solution sparged with Ar for 5 min.  
The MMA solution was added to the rapidly stirring PVA solution.  The stirring rate was adjusted until 
the appropriate drop size was obtained, and the reaction was stirred overnight.  After allowing the beads 
to settle, the liquid was decanted, and the beads were re-dispersed in DI water.  This process was repeated 
three times to remove residual PVA.  Beads were collected by vacuum filtration, washed with water, and 
dried under vacuum.  Bead diameters ranged from 100-500 µm. 
 Larger batches of beads were obtained using modified conditions in which half the volumes of 
PVA and buffer solutions were used.  Attempts to make larger or smaller beads by varying the ratio of 
monomer to aqueous layer or changing stirrer speeds were unsuccessful.  The exclusion of oxygen was 
vital to achieving proper polymerization, and attempts to make beds on larger scales using mechanical 
stirrers were successful only half the time due to oxygen infiltration through the stir shaft seal. 
 
4.6.3.2  Monofunctional Control 
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For beads made with the monofunctional control 40, ethylene glycol dimethacrylate (EGDMA) 
was used to give an equivalent cross-link density.  Monofunctional control was not completely soluble in 
MMA monomer, so 100 µL of CH2Cl2/ mL MMA were used to increase solubility.  The presence of the 
CH2Cl2 diluent did not appear to affect the polymer properties. 
 
4.6.4  Testing Methods 
 
4.6.4.1  RGB Color Analysis 
CIE 1931 RGB color space was used to analyze changes in color for this study. The RGB ratio of 
each image was calculated using Grassmann’s law9: 
    
 
     
                                                                      
 
     
                                                     
 
     
 
where R, G, and B are the average intensity of red, green, and blue channels in the region of interest.  
  
PMA Fatigue Samples  
 The region of interest for RGB analysis was the entire gauge length between the grip faces.  
Thus, the area of interest increased with the accumulation of plastic strain in the sample, but the volume 
of material inquired remained constant.   The average values of red, green, and blue channel intensities 
within the region of interest were used to compute the RGB ratio after each load cycle.  The change in the 
RGB ratio was calculated by subtracting the initial ratio from the ratio at each cycle.  The full results of 
this analysis are given for active SP-linked and monofunctional control PMA samples in Figure 4.12.  
The approximate bandpass corresponding to each color channel on the camera used for image acquisition 
can be ascertained from the spectral sensitivity data in Figure 4.13.  The bandpass of the green channel is 
well aligned with the absorption band of the mechanophore. 
 
Cross-Linked PMMA Beads  
  A constant circular area 100 pixels in diameter and centered upon the image of each PMMA bead 
was selected as the region of interest.  The threshold strain to induce color change was determined by 
plotting the relative change in the green intensity and the derivative of that curve as a function of strain, as 
shown in Figure 4.14.  In the beginning of the derivative curve, there was a fluctuation due to the contact 
of the punch head with the bead.  After the initial spike, there was a flat region that showed little color 
change. The threshold strain and corresponding stress are identified as the point when the derivative of 
the change in green intensity ratio started to increase steadily toward its eventual peak. 
 
4.6.4.2  Tensile Testing 
 90 
 
Tensile samples were clamped tightly in wedge action mechanical grips with serrated jaw faces to 
be loaded on a screw-driven load frame.  To avoid viscous flow of the polymer out of the grips, the initial 
gauge length in the grips was always less than the 5 mm gauge length of the sample.  The initial gauge 
length at zero load, as determined using a load transducer, was measured using digital calipers.  For 
monotonic tension tests, samples were loaded at a rate of 1.5 mm/s to failure.   The initial gauge length 
was kept as consistent as possible between samples.  Gauge lengths are tabulated in Table 4.1.  Images 
were acquired continuously throughout the test. 
Absorbance data were collected from the plain PMA, monofunctional control (PMA-39), 
difunctional control (PMA-43), and mechanically active (PMA-10) dog bone samples before and after 
tensile testing. Each sample was mounted with a portion of the gauge length over a 2 mm square aperture.  
After collecting each absorbance spectrum, the thickness of the gauge region of each sample was 
measured using calipers.  The absorbance data were normalized to the sample thicknesses according to 
Beer’s law.  For undeformed samples, the spectrum of undeformed plain PMA was subtracted.  For 
deformed samples, the spectrum of deformed plain PMA was subtracted. The normalized data are shown 
in Figure 4.14. The monofunctional control (Figure 4.14a) sample shows similar shapes before and after 
tensile testing; however, an overall increase of absorbance was observed after testing. The difunctional 
control (Figure 4.14b) showed no significant change in the absorbance spectra.   A clear increase in 
absorbance between 510 and 590 nm was observed in the mechanically active sample (Figure 4.14c), 
which is similar to previously measured absorbance spectra of the mechanically activated polymer in 
solution.
10
 
For fatigue tests, the sample was loaded in displacement control to a maximum extension of twice 
the initial unloaded length.  The sample was unloaded to zero load, with some unrecovered strain 
accumulating each cycle.  The maximum extension of subsequent loading cycles was increased by the 
initial gauge length each time, such that  on the second cycle the maximum extension was three times the 
initial gauge length, on the third cycle it was four times the initial gauge length, and so on until the 
sample failed.  The progression of applied strain with fatigue cycle is illustrated up to 15 cycles in Figure 
4.15, typical load-time and load-displacement plots are shown in Figure 4.16.  The displacement rate was 
calculated to achieve a strain rate of 0.18 s
-1
 based upon the initial gauge length.  Images of the sample 
were captured at zero load after each cycle.  Images before and after failure were acquired using a flatbed 
scanner. 
Load and displacement data were used to calculate values of true stress according to the 
expression 
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where ζT is true stress, P is the applied load, A0 is the undeformed cross-sectional area, l0 is the initial 
gauge length, and ∆l is the deformation.  This expression for true stress assumes that the volume of 
material remains constant during the deformation.  The plastic strain accumulated after each fatigue cycle 
was calculated as  
   
     
  
 
where εp is the plastic strain, lN is the gauge length at zero load after completing cycle N, and l0 is the 
initial gauge length before testing began. 
 
4.6.4.3  Compression Testing 
Mechanophore cross-linked PMMA beads were annealed at 90 °C while illuminating with bright 
visible light for 2.5 h in order to close the small amount of merocyanine present to the spiropyran form. 
Compression tests of individual active (PMMA-11) and monofunctional control (PMMA-40) beads were 
conducted using the apparatus shown schematically in Figure 4.7. The beads were immersed and tested in 
oil with a refractive index (1.518) similar to that of PMMA (1.50) to minimize light scattering and 
improve imaging.  Displacement was applied at various speeds ranging from 1 to 25 µm/s. Images of the 
bead during compression were captured at a rate of 1 fps.  The incidence angle and intensity of the pipe 
lights were kept constant throughout each test. The entire system was mounted on a vibration isolation 
table. 
The engineering strain plotted in Figure 4.9 was calculated as 
   
 
   
 
and the engineering stress as 
   
 
   
  
where δ, r0, and P are the compressive deformation, initial radius of the bead, and the magnitude of the 
compressive load, respectively.  Yield stress of PMMA beads is defined in the stress-strain curve 
according to Considère construction.
11
 
 Confocal fluorescence microscopy was used to obtain images of the equatorial plane before 
(Figure 4.17a) and after compression (Figure 4.17b) as well as the meridional plane after compression 
(Figure 4.17c) to just beyond the yield point.  The image of the meridional plane was constructed using 
horizontal cross-sections collected at 1µm intervals through the thickness of the bead.  Side view optical 
images (Figure 4.17d) of deformed beads show a pattern of coloration similar to the meridional 
fluorescence images. 
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 The meridional plane cross-section was also compared to the theoretical forces in a model elastic 
sphere.  The three-dimensional elastic model of a sphere subjected to a radial pressure of magnitude, ζ0, 
uniformly distributed over two spherical caps surrounding the poles was used to analyze the stresses in 
the compressed bead (Figure 4.18a).
6,7
  The Poisson’s ratio of PMMA beads and the contact angle of load 
φ0 are taken to be 0.35 and 15°, respectively.  The analysis is independent of the material’s Young’s 
modulus in the elastic range.  Compressive stresses are developed in the bead parallel to the loading 
direction (ζ1), however, significant tensile stresses are generated perpendicular to the load (ζ2). The 
tensile stress distribution on the equatorial plane was described in Section 4.4. 
Data along the X1 axis in the meridional plane, before and after deformation were plotted with the 
analytical solution in Figure 4.18b.  Along this axis, the transverse stress (ζ2) switches at ~0.5r from 
compressive to tensile.  Interestingly, the fluorescence was constrained to the regions where the stress was 
tensile.  Although the stress quickly plateaued to a nearly constant tensile value along this axis, the 
fluorescence continued to increase.  This difference in trend was attributed to the assumption of elastic 
deformation in the analytical solution, while the bead had actually been plastically deformed to just past 
the yield point. While the analytical solution provided an accurate estimate of which parts of the bead are 
subject to the highest tensile stress, it did not account for localized yielding or large deformation as 
observed in our experiments. 
 
4.7  Figures 
 
 
Figure 4.1  Putative enediyne based cross-linker.  After incorporation into a PMMA bead, mechanical 
force was expected to induce a Bergman cyclization which would generate a biradical.
1
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Figure 4.2  Schematic of custom dogbone shape used for tensile testing of PMA.
3
 
 
 
Figure 4.3  Punch used to remove excess material from around the edges of compression molded 
dogbone samples.  The sample was sandwiched between the top and bottom plates, and the punch was 
hammered through the cutouts in the two plates.
3
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Figure 4.4  PMA dogbone samples of active SIM1, monofunctional control, and difunctional control.  
The presence and activity of the spiropyrans after compression molding can be confirmed by heating the 
samples to 50 °C or irradiating with UV light (365 nm) to induce color change.  Difunctional control is 
not thermally active.
3
 
 
 
Figure 4.5  Optical images of PMA polymers before and after failure in monotonic tension.  Scale bar is 
2 mm.  Color is present only in the sample containing polymerized SIM1 10.
3
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Figure 4.6  a) Optical images of polymerized SIM1 10 after cyclic loading to strains (εp) of 3, 5, 7.6, and 
10 and just after failure.  A monofunctional control 39 sample, just after failure, which had been subjected 
to the same loading cycle is shown for comparison.  b) Relative change in green intensity for SIM1 and 
monofunctional control samples as plastic strain was accumulated during cyclic loading.  The numbered 
points correspond to the optical images in a).  Scale bar is 2 mm.
3
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Figure 4.7  Schematic of the bead compression setup.  The bead is compressed from above onto a glass 
slide.  A stereo microscope coupled to a digital camera was used to capture images at 1 fps.  Fiber-optic 
halogen lights were used to illuminate the sample.
3
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Figure 4.8  a)  Optical (top) and confocal fluorescence equatorial cross-sections (bottom) of PMMA 
beads cross-linked with SIM1 11 compressed to before the yield point (1), to the yield point (2), and 
beyond the yield point (3).  The active beads show a significant increase in color and fluorescence near 
the center.  b)  Optical and fluorescence images of a monofunctional control 40 bead compressed to 
beyond the yield point.  No color changes or fluorescence are evident.  All scale bars are 50 µm.
3
 
 
 
Figure 4.9  Compressive stress (ζ0, top) and relative green intensity (bottom) versus strain for active (red, 
solid lines) and monofunctional control (black, dashed lines) beads.  Numbered points correspond to 
those found in Figure 4.8.
3
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Figure 4.10  Measured fluorescence intensity in the equatorial plane for a bead deformed just past the 
yield point (inset, left).  Fluorescence cross-section intensities before (dotted line) and after (solid line) 
deformation plotted along the X2 axis.  Elastic predictions (dashed line) of the normalized transverse 
stress field, ζ2/ ζ0 (ζ0 = P/πr0
2
), for a bead subject to uniformly distributed compression (inset, right).  
Scale bar is 50 µm.
3
 
 
 
Figure 4.11  Threshold (as determined by RGB analysis) stress, yield stress, and strain as a function of 
strain rate.  Threshold stress and yield stress are nearly coincident as a function of strain rate, while 
threshold strain remains constant.
3
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Figure 4.12  Changes in RGB ratios of SIM1 and monofunctional control PMA polymers under cyclic 
loading.  The green channel of the active sample shows a decrease in green intensity while the 
monofunctional samples remains relatively constant.  As the active sample becomes redder, the red 
channel increases in intensity.
3
 
 
 
Figure 4.13  Spectra sensitivity of the CCD in the Qimaging Micropublisher RTV 3.3.  The sensitivity 
for green light is near the λmax of the investigated spiropyrans.
3
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Figure 4.14  Plot of the change in green intensity and the derivative of that change with respect to 
compressive strain for the compression of PMMA beads.  The threshold strain and corresponding stress 
are defined as the point in the derivative curve at which a steady increase occurs.
3
 
 
 
Table 4.1  Initial gauge lengths of monotonic tensile test samples.
3
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Figure 4.15  UV-Vis spectra acquired before (dashed lines) and after deformation (solid lines) of PMA 
dogbones containing a) monofunctional control, b) difunctional control, and active SIM1.
3
 
 
 
Figure 4.16  Progression of applied strain with successive loading cycles during fatigue testing.
3
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Figure 4.17  Typical load-time and load-displacement plots for PMA fatigue tests.  Accumulated plastic 
deformation can be seen in the load-displacement plots by the increase in displacement at zero load after 
each cycle.
3
 
 
 
Figure 4.18  Equatorial cross-sections of an active PMMA bead a) before and b) after compression.  c) 
Meridional cross-section of the same compressed bead stitched together from cross-sections taken parallel 
to the equatorial plane.  d) Side view optical images of a compressed bead showing localization of the 
color in the center of the bead which matches that meridional fluorescence cross-section.
3
 
 
 
Figure 4.19  a) Schematic loading diagram.  b) Fluorescence intensity (top) and transverse stress (bottom) 
plotted as a function of distance along the meridional axis of an active PMMA bead before and after 
deformation.
3
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Chapter 5 – Future Directions 
 
5.1  Ongoing Work 
 The feasibility of inducing controlled, covalent bond changes through mechanical force has now 
been demonstrated, and the spiropyran-based mechanophores have showed potential as stress/strain 
sensors.  However, only the barest minimum of the activation envelope has been examined.  Further 
elucidation of activation parameters will require new testing methods and even new mechanophores based 
on spiropyrans or other molecules.  Unfortunately, testing of new mechanophores still requires time-
consuming synthesis and incorporation into polymers to test for activation.  While simulations by the 
Martinez group can help predict the likely behavior of individual mechanophores, methods for high-
throughput screening in which a general structure is varied with respect to functional groups, attachment 
points, etc. are still being developed. 
 
5.1.1  Polyurethanes 
 Polyurethanes offer an advantage for screening spiropyran mechanophores in that the dihydroxy 
spiropyrans can be directly reacted with isocyanates without further functionalization.  As seen in Chapter 
2, the dihydroxy spiropyrans can be obtained in almost quantitative yields on multigram scales whereas 
further functionalization entails a drastic reduction in yields due to issues in purification and 
crystallization.  Crystallization of these functionalized spiropyrans is required to ensure their long term 
stability while the precursor spiropyrans that precipitate show multiyear stability with nothing more 
complicated than filtration and drying.   
The ease of incorporation allows polyurethane samples to be used to quickly screen potential 
spiropyran or other dihydroxy mechanophores.  This has been done by Corissa Lee with SIM1 9, SIM2 
17, SIM3 30, TIM1 33, and efforts are underway to test TIM2 35 and TIM3 36 in a similar manner.  UV-
Vis spectra of these first four spiropyrans in polyurethane dogbones before and after stretching to twice 
their original length are shown in Figure 5.1.  SIM1 and SIM2 showed obvious mechanical activity while 
the results for TIM1 were inconclusive.  The equilibrium for TIM1 in polyurethane was biased toward the 
MC form, and after bleaching the purple color rapidly returned.  The decrease in absorption for TIM1 was 
attributed to decreased sample thickness which was not measured or corrected for.  The results for SIM3 
suggest that it was NOT mechanically active.  It was theorized based on simple physical models and 
preliminary computational modeling (Section 2.4.2) that this would be the case.  If further confirmation of 
inactivity is obtained, it will serve to highlight the importance of linking geometry on mechanical 
activation of mechanophores.  Further work on examining the effects of constant strain and stress is 
ongoing. 
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5.1.2  Waisted PMMA Cylinders 
 Spherical samples were useful because stresses within the sphere could be easily modeled.  
Cylinders represent another simple shape in which stresses and strains produced by rotational shear stress 
can be predicted.  To this end, methods were developed to make cross-linked PMMA samples 
(0.018 mole% SP cross-linker, 0.982 mole% co-cross-linker) with cylindrical shapes by in-situ 
polymerization in a disposable polypropylene syringe.  Cassandra Kingsbury has developed a method for 
modifying the syringes by heat-assisted compression molding which yields cylindrical samples with a 
thin waist section (1.9 mm) resembling a dogbone rotated on its long axis through 360° (Figure 5.2).  
These samples showed activation in the thin gauge sections which was localized to the areas of highest 
strain.  Characterization of this activation as well as studies on the effects of different lengths of co-cross-
linker (PEG-550 and PEG-750 diacrylate) on activation are ongoing. 
 
5.1.3  PMMA DC-DC Samples 
 Most recently in conjunction with Asha-Dee Celestine, a reusable Delrin mold (Figure 5.3) has 
been developed to make rectangular samples for double cleavage drilled compression (DC-DC) 
experiments.  The DC-DC geometry allows for controlled crack growth parallel to the direction of 
compression from a central, drilled hole.  These tests are amenable to computational modeling
1-3
 and have 
also been used to test self-healing systems involving microvascular networks (unpublished results from 
the Autonomous Materials Systems group) and Diels-Alder chemistry.
4,5
  This test also offers the 
advantage of using significantly smaller samples than the tapered double-cantilever beam (TDCB)
6-11
 or 
fiber composite samples
12,13
 used in previous self-healing experiments which is advantageous for 
screening new mechanophores. 
It is hoped that spiropyran mechanophore cross-linked samples can be used to map the 
stress/strain at the crack tip and compared to computational models.  The techniques used for 
polymerization are the same as those used in the production of cross-linked cylinders.  The development 
of a reusable mold for cross-linked PMMA samples is also an important advancement, since the molds 
could potentially be milled in more complex shapes; greatly expanding the types of sample geometries 
that could be tested. 
  
 
5.2  Limitations and Future Directions of Spiropyran Mechanophores 
5.2.1  Limitations of Current Mechanophores 
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 While spiropyrans have proved useful and are thus far the only mechanophores from our group 
which show mechanical activity in the solid state, they have many significant limitations which must be 
overcome or accounted for.  This is not to say that useful information cannot be obtained from these 
mechanophores.  However, these limitations must be kept in mind when selecting and designing future 
mechanophores. 
 
5.2.1.1  Quantitation 
 The measurement of extinction coefficients for the merocyanine forms is complicated by the 
difficulty in obtaining pure samples of the merocyanine.  As previously mentioned, the irradiation of 
spiropyrans results in a photostationary state, so the determination of the extinction coefficients invariably 
utilizes various assumptions or requires special equipment for techniques such as continuous irradiation 
or simultaneous NMR/UV-Vis studies.
14-16
  The effects of thermal reversion and photodegradation must 
also be taken in to account.  Since these characteristics for the synthesized spiropyrans are unknown, 
quantitation of the amount of activation is impossible.  This limits comparison of mechanical activation 
under different conditions to relative measures involving a single type of mechanophore and prevents 
comparison between different mechanophores.  Future mechanophores will need to have more well 
defined and quantifiable beginning and ending states. 
 
5.2.1.2  SP-MC Equilibrium 
 The fact that the equilibrium between the SP and MC forms is highly dependent on the local 
environment (solvent, pH, temperatures, etc.) precludes the use of SP mechanophores in certain 
situations.  The PMA and PMMA monofunctional control 39 polymers are especially sensitive to 
thermally-induced ring-opening.  This has diminished its usefulness as a control, especially in 
experiments in which linear PMMA samples are heated to allow drawing of the sample to occur 
(unpublished results, Brett Beiermann and Sharlotte Kramer).  Polymers of SIM1 10 are also thermally 
sensitive, but the effects are not as pronounced.  The behavior of TIM1 in polyurethane is another 
example of the SP-MC equilibrium preventing useful measurements from being obtained, since the open 
form is so greatly favored as to drown out any mechanically-induced changes. 
 
5.2.1.3  Reversibility 
 While reversibility can be useful in making reusable sensors or in cases where the effects of 
mechanical stress and strain on the equilibrium are being examined, it greatly increases the difficulty in 
obtaining consistent measures of relative activation.  Ambient light, room temperature, stray UV light, 
and even the measurement of spiropyran activation by fluorescence or UV-Vis can all affect accurate 
 107 
 
measurement.  These problems are somewhat mitigated if measurements are obtained during mechanical 
testing or when stiff polymers are used which slow reversion.  Mechanophores which undergo irreversible 
reactions would simplify problems such as quantitation.  
 
5.2.2  Untested Mechanophores 
 There remain two potential mechanophores (TIM2 and TIM3) which have not been tested, and 
two others (SIM2 and SIM3) which have undergone minimal testing.  The activity or lack thereof of these 
spiropyrans could be easily confirmed in the polyurethane system.  Due to time constraints, SIM3, TIM2, 
and TIM3 were not successfully functionalized with α-bromo or methacryloyl esters.  The successful 
synthesis of these molecules would possibly allow for their ring-opening kinetics to be examined by 
sonication or their threshold stress and strain examined using PMMA beads or waisted cylinders. 
 
5.2.3  New Polymers 
 Mechanical activity has thus far been demonstrated in PMA, PMMA, PS,
17
 and polyurethane.  
The ability to activate mechanophores in a wide range of polymers would help map out the activation 
parameters further, show the general applicability of the mechanophore concept, and enable new 
applications for mechanophores to be developed.  Recently, O’Bryan et al. reported on the 
mechanochromic activity of a spiropyran similar in geometry to TIM1 in polycaprolactone (Figure 5.4)
18
  
which is a biodegradable polymer used in coatings, adhesives, medical devices, and the automotive 
industry all of which could benefit from damage sensing abilities. 
 Two other attractive targets are epoxies and nylons.  Epoxies are commonly used as the binder in 
fiber composites and as adhesives.  The ability to easily detect damage in a composite material, even one 
only intended for testing, could be utilized for detect potential failure sites.  Nylon is used in dynamic 
climbing ropes which are normally rated for a certain number of falls before they need to be replaced 
since damage is hard to detect.  Nylon rope which incorporated a spiropyran mechanophore could offer 
lower total costs and higher safety, since the simple visual indicator of damage would allow ropes which 
had undergone their rated number of falls but remained undamaged to be used with confidence.  The 
inverse situation would also be true, i.e. prematurely damaged ropes could be easily identified. 
 
5.2.4  Effect of Molecular Electronics on Activation 
 Finally, rather than modifying the linking geometry of the spiropyran mechanophores, the 
properties could be tuned by the judicious use of electron withdrawing or donating groups on the aromatic 
rings.  Although attempts were made to keep the synthesized spiropyrans as similar as possible, they do 
possess different SP-MC equilibrium and fading characteristics.  Groups which would stabilize the open 
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form (donating on the indole side, withdrawing on the benzopyran side), might lower the barrier to 
ring-opening causing activation at lower strains while inverting those groups might raise the barrier.  The 
ability to fine tune activation to certain levels for specific applications and polymers would allow the 
mechanophore to be used in a larger number of applications.  The modular nature of the spiropyran 
synthesis would facilitate this fine tuning by allowing different indole and benzaldehyde halves to be 
mixed and matched.  
 
5.3  Future Non-Spiropyran-Based Mechanophores and Conclusions 
 In recent years, several new mechanophore-based bond cleavage processes have been 
demonstrated in solution including cleavage of metal ligand bonds,
19,20
 activation of polymerization 
catalysts,
21
 generation of reactive species,
22
 and postsynthetic polymer modification.
23
  Other systems 
which have been tried but were only partially successful were mechanophores based on coumarins or 
naphthopyrans.  However, none of these mechanophores has been successfully demonstrated in bulk 
polymers, and there are a variety of reasons for this.   
In some cases, reactions that are viable in solution, such as polymer catalysis, would require 
significant modification to work well in a solid.  Low catalyst loadings are possible in solution because 
the monomer and catalyst are free to diffuse throughout the solution.  In a solid polymer, mobility is 
severely limited, and so larger amounts of catalyst would likely be required to achieve noticeable 
catalysis.   The problem is compounded if the catalyst is expensive because bulk polymers require 
significantly more material than is needed for solution tests.  Mobility issues also affect the ability to 
detect mechanochemical reactions.  In solution, traps for mechanically-induced species have full mobility 
and can be present in large excess, but this is not possible for solid samples.  Self-indicating 
mechanophores can be useful, but limiting potential mechanophores to only those which are easily 
detected rather than those which undergo useful reactions is unproductive.   
Hopefully, the knowledge gained from spiropyran mechanophores will be useful in solving some 
of these problems.  Their advantages of cheap synthesis, self-signaling, and low detection limits make 
them ideally suited for initial forays in solid systems.  They also offer sufficient complexity to allow a 
myriad of variations to be tested for their effects on mechanical activity. 
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5.4  Figures 
 
 
Figure 5.1  Visible spectra of a) SIM1, b) SIM2, c) SIM3, and d) TIM1 polyurethane samples before and 
after stretching to 100% strain.  SIM3 also includes a visible spectrum of a sample after UV irradiation 
confirm spiropyran presence and activity. 
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Figure 5.2  a) Aluminum molds used for compression of polypropylene syringes and example of 
compressed syringe.  The metal rod within the syringe is used to maintain a consistent interior diameter of 
the gauge section.  b) Cross-linked PMMA sample showing the waisted cylinder geometry before and 
after rotational shear.  The gauge section after deformation has significant purple color throughout.  
Credit: Cassandra Kingsbury 
 
 
Figure 5.3  Mold used for DC-DC samples.  a) The two halves of the Delrin mold showing the 
rectangular cutouts (top) for the DC-DC samples and circular cutouts (top and bottom) used for filling the 
mold after assembly.  Three registration pins used for alignment can be seen in one half of the mold (top).  
b) The two halves of the mold are sandwiched between two aluminum plates and held together with 
screws.  Rubber stoppers are used to seal the mold against atmospheric oxygen. 
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Figure 5.4  Spiropyran used by O’Bryan18 to impart a mechanochromic response in polycaprolactone. 
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Appendix 
A.1  General Information 
All chemicals were purchased from Sigma-Aldrich and used as received unless mentioned 
otherwise.  Dry THF was obtained from an Anhydrous Engineering Solvent Delivery System (SDS) 
equipped with activated alumina columns.  Poly(tetramethylene glycol) (PTMG: Mn 650) was dried at 
70 °C under 1 torr for 2 hours before use.  Spiropyran, methylene diphenyl diisocyanate (MDI), and 1,4-
diazabicyclo[2.2.2]octane (DABCO) were dried under vacuum for 1 hour before use.  Inhibitor was 
removed from the methyl methacrylate (MMA) monomer, methyl acrylate (MA) monomer, ethylene 
glycol dimethacrylate (EGDMA), and PEG dimethacrylate (PEGDMA) cross-linkers by filtering through 
basic alumina.  The acrylate solutions were sparged with Ar for ~1 h before use.  Any excess could be 
stored indefinitely in the fridge in a sealed vessel under an Ar blanket.  BPO was reprecipitated from 
acetone using twice the volume of water to yield a fluffy white solid.  The morphology of the BPO aided 
in dissolution. 
 
A.2  Polyurethane Dogbones – Soft Segment Only 
Dihydroxy SIM1 9 (3 mg, 0.00847 mmol, 1 equiv) and DABCO (8 mg, 0.0713 mmol, 8.42 
equiv) were dissolved in 5 ml anhydrous tetrahydrofuran (THF) to form solution A.  MDI (125 mg, 0.5 
mmol, 59.0 equiv) was dissolved in 5 ml anhydrous THF to form solution B.   
Solution A and B were mixed and heated at 65 
°
C for 45 min. A large excess of MDI was used to 
ensure complete reaction with the spiropyran. After the reaction mixture was cooled to rt, it was filtered 
with 0.45 µm filter and added drop-wise into a solution of PTMG (6.7 g, 10.3 mmol, 1216 equiv) and 
DABCO (1 mg, 0.00892 mmol, 1.05 equiv) in 1 ml anhydrous THF to reduce the viscosity. The mixture 
was heated at 70 °C under vacuum to remove THF until there was less than 1 wt% residual THF.  
Hexamethylene diisocyanate (HDI) (1.68 g, 10 mmol, 2361 equiv) was added into the mixture, degassed, 
and poured into a Delrin mold (Figure A.1).  The mold was kept in an N2-purged oven first at 60 °C for 
two days.  The final samples were removed from the mold and kept under ambient conditions for 48 
hours before testing. 
 
A.3  Cross-linked PMMA and PMA Cylinders 
 BPO (15 mg, 0.0619 mmol, 0.00662 equiv), methacryloyl SIM1 11 (0.83 mg, 0.00169 mmol, 
0.00018 equiv), EGDMA (17.4 µL, 0.0922 mmol, 0.00982 equiv), and MMA (1 mL, 9.39 mmol, 1 equiv) 
were combined in an eppendorf tube, flushed with Ar for 15 s, sealed, and mixed.  Once the components 
were fully dissolved, N,N-dimethylaniline (DMA) (6 µL, 0.0473 mmol, 0.00506 equiv) was added, the 
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eppendorf tube flushed with Ar, sealed, and mixed.  The polymer was allowed to prepolymerize for 20 
min before being added to the 1 mL syringe molds (Figure 5.2) under a stream of Ar.  The syringe molds 
were capped with septa and placed in a rt water bath.  After polymerizing overnight, the samples were 
removed from the syringe molds by cutting and peeling the molds away. 
 For cross-linked PMA cylinders, a slight modification of the reagent ratios was used to account 
for the increased polymerization rate of MA versus MMA.  The use of lower amounts of BPO required 
more careful exclusion of oxygen to ensure complete polymerization.  BPO (1 mg, 0.00413 mmol, 
0.000372 equiv), methacryloyl SIM1 11 (0.98 mg, 0.00200 mmol, 0.00018 equiv), EGDMA (21 µL, 
0.109 mmol, 0.00982 equiv), and MA (1 mL, 11.1 mmol, 1 equiv) were combined in an eppendorf tube, 
flushed with Ar for 15 s, sealed, and mixed.  Once the components were fully dissolved, N,N-
dimethylaniline (DMA) (1 µL, 0.00789 mmol, 0.000711 equiv) was added, the eppendorf tube flushed 
with Ar, sealed, and mixed.  The polymer solution was immediately added to the 1 mL syringe molds 
under a stream of Ar.  The syringe molds were capped with septa and placed in a rt water bath.  After 
polymerizing overnight, the samples were removed from the syringe molds by cutting and peeling the 
molds away. 
NOTE:  It was found that addition of EGDMA/PEGDMA directly to powdered SP/BPO occasionally 
resulted in unwanted direct polymerization of the EGDMA.  Adding MMA before EGDMA prevented 
this from occurring.  Ar was more effective than N2 at achieving consistent mechanical properties.  As 
with the monofunctional control 40 beads, 100 µL of CH2Cl2 was used to help solubilize the spiropyran. 
 
A.4  Cross-linked DC-DC Samples 
 DC-DC samples were initially made in a similar manner to the PMMA cylinders.  A 12 mL 
syringe and 7 mL of monomer were used to make a large diameter cylinder (Figure A.2) which was cut to 
yield two DC-DC samples.  These samples generated noticeable amounts of heat during polymerization, 
but it was not enough to cause bubbling or discoloration in the final sample.  Significant volume changes 
occurred during polymerization which resulted in an overall decrease in length from the ~7 mL to ~6.5 
mL marks, so samples should be oversize to compensate.  After construction of the Delrin mold (Figure 
5.3), < 1 mL of polymer solution was needed to fill each section of the mold while under a stream of Ar, 
and it was capped with black rubber stoppers. 
 
A.5  Survey of Conditions for Bulk PMMA Polymerizations 
 In order to determine the correct ratio of BPO:DMA:monomer which yielded clear samples in 
reasonable time frames with minimal heat buildup, a series of polymerizations was setup with varying 
ratios and monitored over 24 h.  Samples were prepared from 1 mL of MMA (9.39 mmol, 1 equiv) at 
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0.18 mole% EGDMA (3.2 µL, 0.0170 mmol, 0.0018 equiv) cross-link density in a similar manner to the 
PMMA cylinders and allowed to polymerize in the eppendorf tubes.  The amounts of BPO and DMA 
used for each sample are shown in Table A.1 along with state of polymerization at various time intervals.  
Images of the polymerized samples are shown in Figure A.3.  An increase in brown color was correlated 
strongly with increasing DMA content while BPO content was less strongly correlated.  In addition, very 
large amounts of BPO and DMA resulted in thermal build-up and bubbles in the final samples.  A ratio of 
15 mg BPO to 6 µL DMA was selected as the best compromise between polymerization time and sample 
color.  A similar screen of polymerizations of methyl acrylate was attempted, but using those ratios of 
BPO and DMA resulted in SIGNIFICANT exotherms.  For bulk PMA samples, a ratio of 1 mL:1 mg:1 
µL of MA:BPO:DMA was used. 
 Bulk samples were also made with varying amounts of SIM1 11 cross-linker (0.036-0.18 mole%) 
to determine the highest concentration which was still easily bleached (Figure A.4).  For bulk samples, 
0.108 mole% SP appears to be the upper limit.  For small or thin samples such as beads, the spiropyran 
concentration can be increased from this level. 
 
A.6  Crystal Data 
 Crystal structures were acquired in the George L. Clark X-Ray Facility and 3M Materials 
Laboratory by Scott R. Wilson or Danielle L. Gray.  Funding was provided in part by grants 
NSF CHE 95-03145 and NSF CHE 03-43032 from the National Science Foundation. 
 
A.6.1  α-Bromo SIM1 10 
Collection details for the x-ray crystal structure of SIM1 functionalized with α-bromo esters 
(Figure A.5) acquired by Scott R. Wilson. 
Empirical formula    C27H28Br2N2O7 
Formula weight    652.33 g/mol 
Temperature     193(2) K 
Wavelength     0.71073 Å 
Crystal system     Monoclinic 
Space group     P 21/c   
Unit cell dimensions   a = 22.678(5) Å, α = 90° 
     b = 12.004(3) Å, β = 110.772(3) 
     c = 21.830(5) Å,  γ = 90° 
Volume    5556(2) Å
3
 
Z     8 
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Density (calculated)   1.560 g/cm
3
 
Absorption coefficient   2.965 mm
-1 
F(000)     2640 
Crystal size    0.44 x 0.26 x 0.14 mm
3
 
Theta range for data collection  1.88 to 25.38° 
Index ranges    -27 ≤ h ≤ 27 
     -14 ≤ k ≤ 14 
     -26 ≤ l ≤ 26 
Reflections collected   43085 
Independent reflections   10162 [R(int) = 0.1218] 
Completeness to θ = 25.38°  99.6%  
Absorption correction   Integration 
Max. and min. transmission  0.6719 and 0.2814 
Refinement method   Full-matrix least-squares on F
2 
Data / restraints / parameters  10162 / 2159 / 1072 
Goodness-of-fit on F
2
   0.977 
Final R indices [I > 2ζ(I)]  R1 = 0.0440, wR2 = 0.0731 
R indices (all data)   R1 = 0.1596, wR2 = 0.0803 
Largest diff. peak and hole  0.579 and -0.557 e.Å
-3 
 
A.6.2  Hydroxyl Ether Benzaldehyde 14 
Collection details for the x-ray crystal structure of 2-hydroxy-4-(2-hydroxyethoxy)benzaldehyde 
(Figure 2.2) acquired by Scott R. Wilson. 
Empirical formula    C9H10O4 
Formula weight    182.17 g/mol 
Temperature     193(2) K 
Wavelength     0.71073 Å 
Crystal system     Monoclinic 
Space group     P 21/c   
Unit cell dimensions   a = 7.1795(17) Å, α = 90° 
     b = 8.305(2) Å,  β = 95.246(3)° 
     c = 14.304(3) Å, γ = 90° 
Volume    849.3(3) Å
3 
Z     4 
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Density (calculated)   1.425 g/cm
3 
Absorption coefficient   0.113 mm
-1 
F(000)     384 
Crystal size    0.34 x 0.24 x 0.22 mm
3 
Theta range for data collection  2.84 to 28.29° 
Index ranges    -9 ≤ h ≤ 9 
     -11 ≤ k ≤ 10 
     -19 ≤ l ≤ 18 
Reflections collected   10556 
Independent reflections   2087 [R(int) = 0.0265] 
Completeness to theta = 28.29°  98.8%  
Absorption correction   Integration 
Max. and min. transmission  0.9823 and 0.9677 
Refinement method   Full-matrix least-squares on F
2 
Data / restraints / parameters  2087 / 0 / 159 
Goodness-of-fit on F
2
   1.044 
Final R indices [I > 2ζ(I)]  R1 = 0.0358, wR2 = 0.0970 
R indices (all data)   R1 = 0.0515, wR2 = 0.1035 
Extinction coefficient   0.006(2) 
Largest diff. peak and hole  0.258 and -0.198 e.Å
-3 
 
A.6.3  Nitrobenzaldehyde 23 
Collection details for the x-ray crystal structure of 2-(2-formyl-3-hydroxy-4-nitrophenoxy)ethyl 
acetate (Figure 2.3) acquired by Danielle L. Gray. 
Empirical formula    C11H11N O7 
Formula weight    269.21 g/mol 
Temperature     193(2) K 
Wavelength     0.71073 Å 
Crystal system     Monoclinic 
Space group     P21/c   
Unit cell dimensions   a = 7.1949(6) Å, α = 90° 
     b = 21.0649(17) Å,  β = 107.156(5)° 
     c = 8.0225(6) Å,   γ = 90° 
Volume    1161.79(16) Å
3
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Z     4 
Density (calculated)   1.539 g/cm
3 
Absorption coefficient   0.131 mm
-1 
F(000)     560 
Crystal size    0.303 x 0.273 x 0.166 mm
3 
Theta range for data collection  1.93 to 25.36° 
Index ranges    -8 ≤ h ≤ 8 
-21 ≤ k ≤ 25 
-9 ≤ l ≤ 9 
Reflections collected   15870 
Independent reflections   2137 [R(int) = 0.0701] 
Completeness to theta = 25.36°  100.0%  
Absorption correction   Integration 
Max. and min. transmission  0.9905 and 0.9703 
Refinement method   Full-matrix least-squares on F
2 
Data / restraints / parameters  2137 / 0 / 174 
Goodness-of-fit on F
2   1.013 
Final R indices [I > 2ζ(I)]  R1 = 0.0403, wR2 = 0.0905 
R indices (all data)   R1 = 0.0687, wR2 = 0.1034 
Largest diff. peak and hole  0.197 and -0.200 e.Å
-3 
 
A.6.4  α-Bromo Difunctional Control 43 
Collection details for the x-ray crystal structure of difunctional control (Figure 2.6) acquired by 
Danielle L. Gray. 
Empirical formula    C28H30Br2N2O7 
Formula weight    666.36 g/mol 
Temperature     198(2) K 
Wavelength     0.71073 Å 
Crystal system     Triclinic 
Space group     P -1    
Unit cell dimensions   a = 6.5193(11) Å, α = 98.471(3)° 
     b = 19.081(3) Å,  β = 90.083(3)° 
     c = 23.435(4) Å,   γ = 90.294(3)° 
Volume    2883.3(8) Å
3 
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Z     4 
Density (calculated)   1.535 g/cm
3 
Absorption coefficient   2.859 mm
-1 
F(000)     1352 
Crystal size    0.26 x 0.25 x 0.20 mm
3 
Theta range for data collection  1.49 to 25.32° 
Index ranges    -7 ≤ h ≤ 7 
     -22 ≤ k ≤ 22 
     -28 ≤ l ≤ 28 
Reflections collected   29968 
Independent reflections   10465 [R(int) = 0.0343] 
Completeness to theta = 25.32°  99.5%  
Absorption correction   Integration 
Max. and min. transmission  0.6348 and 0.4383 
Refinement method   Full-matrix least-squares on F
2 
Data / restraints / parameters  10465 / 384 / 830 
Goodness-of-fit on F
2
   1.047 
Final R indices [I > 2ζ(I)]  R1 = 0.0463, wR2 = 0.1087 
R indices (all data)   R1 = 0.0815, wR2 = 0.1217 
Largest diff. peak and hole  0.812 and -0.390 e.Å
-3 
 
A.7  Figures and Tables 
 
 
Figure A.1  Delrin mold used for polyurethane dogbone synthesis. 
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Figure A.2  Large diameter cylinders which were cut to size for initial DC-DC testing.  Bleaching the 
sample thoroughly was not possible at this thickness, but it was not an issue once DC-DC samples were 
cut. 
 
 
Table A.1  Polymer conversion over time for various amounts and ratios of BPO and DMA.  
Polymerization time decreased with increasing amounts of BPO when the BPO:DMA ratio (w/v) was 
BPO (mg) DMA (µL) 0.25 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
A1 5 1 0 0 0 0 0 0 0 0 0 0 0 0 1
A2 10 2 0 0 0 0 0 0 0 0 1 1 1 2 2
A3 15 3 0 0 0 0 0 1 2 2 2 3 3 4 4
A4 25 5 0 0 0 0 0 1 2 2 3 3 4 4 4
A5 35 7 0 0 0 1 2 3 4 4 5 5 5 5 5
B1 5 2 0 0 0 0 0 1 1 1 2 2 2 2 3
B2 10 4 0 0 0 0 1 1 2 3 3 4 4 5 5
B3 15 6 0 0 0 0 1 2 3 4 4 5 5 5 5
B4 25 10 0 0 0 1 4 5 5 5 5 5 5 5 5
B5 35 14 0 0 1 3 5 5 5 5 5 5 5 5 5
C1 5 5 0 0 0 0 1 2 2 3 3 4 4 5 5
C2 10 10 0 0 0 1 4 5 5 5 5 5 5 5 5
C3 15 15 0 0 1 3 5 5 5 5 5 5 5 5 5
C4 25 25 0 0 4 5 5 5 5 5 5 5 5 5 5
C5 35 35 0 2 5 5 5 5 5 5 5 5 5 5 5
Time (hr)
0 = liquid 1 = slightly viscous 2 = viscous 3 = very viscous 4 = gel 5 = solid
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held fixed, e.g. A1 vs. A5.  When the ratio of BPO:DMA was decreased, a concurrent decrease in 
polymerization time was seen for a given amount of BPO, e.g. A5 vs. B5 vs. C5. 
 
 
Figure A.3  Bulk polymerized samples after 23 h showing increasing color with increasing BPO and 
DMA concentrations.  Sample C5 (bottom right) shows evidence of heat induced bubbles. 
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Figure A.4  Bulk PMMA samples containing varying amounts of spiropyran cross-linker after bleaching. 
 
 
Figure A.5  X-ray crystal structure of α-bromo SIM1 10. 
 
